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PREFACE 


This  book  contains  most,  but  regrettably  not  all,  the  papers  that  were  presented  at  The 
Advanced  Research  Workshop,  held  July  1-5,  1997,  at  Smolenice  Castle,  Slovak 
Republic. 

The  problem  of  angular  divergence  is  of  great  importance  in  quantum  electronics:  low 
divergence  is  required  not  only  in  most  of  practical  laser  applications,  but  also  for 
achieving  high  efficiency  of  parametric  laser  frequency  conversion,  and  harmonic 
generation.  The  large  volume  of  available  studies  aimed  at  improving  the  pump  systems 
and  the  spectroscopic  properties  of  lasing  media,  brought  about  no  more  than  2-3  fold 
increases  in  laser  efficiency,  while  concurrent  studies  of  angular  divergence  and  the 
implementation  of  the  findings,  resulted  in  several  order  of  magnitude  of  increases  in 
radiance. 

The  spatial  beam  structure  that  is  formed  in  the  laser  cavity  together  with  the  active 
element  constitute  the  most  critical  laser  elements.  The  engineering  devices,  such  as 
excitation  systems,  lasing  gas  circulation  systems,  etc.,  are  usually  at  the  top  of  the 
agenda  of  scientific  meetings  and  of  gatherings  of  engineering  experts.  The  divergence 
problem  has  never  been  discussed  by  a  broad  community  of  experts  in  this  field. 

The  conversion  of  scientific  and  technological  experiences  accumulated  during  the 
developments  of  high  power  military  lasers,  where  efficiency  was  not  necessarily  a  major 
driving  force,  into  commercially  viable  industrial  lasers,  will  require  that  a  focused 
attention  be  paid  to  the  general  problems  of  beam  divergence.  The  ARW  was  structured 
to  initiate,  probably  for  the  first  time,  a  dialogue  among  specialists  in  resonator  and 
cavity  design  from  NATO  and  CP  countries. 

The  format  used  in  the  ARW  was  that  proven  to  be  successful  in  the  previous 
conferences;  namely,  the  major  portion  of  the  time  was  devoted  to  presentations  by  the 
Key  Lecturers  and  the  Invited  Speakers,  with  ample  time  allocated  for  discussions. 
Submitted  papers  were  assigned  to  poster  sessions.  A  balance  among  theory, 
experimental  studies  and  applications  was  maintained.  We  have  also  included  special 
panel  discussions  which  were  designed  to  explore  and  summarize  major  questions 
following  a  group  of  structured  lectures. 

We  thank  all  the  contributors  and  participants  for  their  effort.  Thanks  are  also  due  to  the 
personnel  of  the  Scientific  Affairs  Division  of  NATO.  Our  daily  routines  were  greatly 
facilitated  by  the  management  and  personnel  of  the  Smolenice  Castle,  which  is  owned 
and  operated  by  the  Slovak  Academy  of  Sciences.  The  financial  support  of  the  US  Army 
Research  Office  in  London  is  sincerely  appreciated.  Thanks  are  due  to  Dr.  Hanita 
Kossowsky  who  assisted  from  the  inception  of  the  project  to  its  successful  conclusion. 

Dr.  Ram  Kossowsky 
Prof.  Miroslav  Jelinek 
Prof.  Josef  Novak 

November  1997 
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PART  I:  PHYSICS  AND  THEORY 


THEORY  OF  LASER  RESONATORS  AND  OF  THE  BEAM  DIVERGENCE 

A  Review 


Yu.A.  ANAN’EV 

St. Petersburg  State  Technical  University 

193251,  Politekhnichesksya  29,  St.Perersburg,  Russia 


My  intimate  acquaintance  with  lasers  dates  as  far  back  as  35  years:  indeed,  in  1962  I 
succeeded  in  achieving  generation  in  the  first  Russian  lasers  with  cryogenic  cooling. 
During  the  subsequent  years,  laser  technology  has  made  amazing  progress;  in 
particular,  radiation  brightness  increased  several  orders  of  magnitude,  current-day 
lasing  spectra  are  immeasurably  more  narrow  than  those  of  the  first  lasers,  and  the 
beam  divergence  problem  has  gone  a  considerable  way  toward  its  solution.  And  while 
one  should  not  certainly  underestimate  the  importance  of  the  laborious  work  on 
making  gain  media  and  their  excitation  systems  more  efficient,  nevertheless 
improvement  of  the  laser  resonators  has  contributed  to  a  very  large  extent  to  this 
progress. 

The  resonator  is  known  to  be  a  major  component  of  the  laser.  It  is  here  that  the  lasing 
radiation  whose  specific  properties  distinguish  the  laser  from  among  the  other  sources 
of  light  is  formed.  And  it  is  on  the  resonator  problem,  and  on  the  problem  of  the  laser 
beam  divergence  which  is  closely  related  to  it,  that  I  am  going  to  dwell  in  my 
communication. 

We  shall  start  with  a  bit  of  history.  The  cornerstone  of  the  resonator  theory  in  its 
present  form  was  laid  by  the  brilliant  work  of  Fox  and  Li  [1].  This  work  demonstrated 
for  the  first  time  the  existence  of  modes  in  open  resonators  and  revealed  the  main 
properties  of  these  modes  for  a  few  simplest  cases.  The  introduction  of  the  concept  of 
diffraction  losses  has  proved  to  be  essential;  it  has  turned  out  to  be  much  more  useful 
as  applied  to  laser  resonators  than  their  quality  factor  and  has  almost  completely 
superseded  it. 

Reading  the  work  of  Fox  and  Li  today  still  rouses  admiration;  its  impact  on  the 
subsequent  developments  in  this  area  has  been  so  profound  that  even  the  small  errors 
overlooked  by  the  authors  (see  p.  81  in  my  book  [2])  is  still  present  in  many  textbooks 
on  quantum  electronics. 

This  work  was  followed  by  papers  of  Boyd,  Gordon,  and  Kogelnik  [3,  4],  who  made 
a  more  general  analysis  of  open  resonators  consisting  of  two  spherical  mirrors  with 
arbitrary  radii  of  curvature,  and  proposed  a  classification  of  such  resonators  according 
to  the  corresponding  diffiaction  losses. 
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The  works  of  Collins  and  of  Kogelnik  and  Li  published  in  the  niid-60s  [5-7]  were  the 
next  major  step  forward.  They  developed  general  methods  to  analyze  devices  made  up 
of  an  arbitrary  number  of  simple  optical  components  arranged  on  a  common  straight 
line.  These  methods  provided  the  possibility  of  reducing  such  systems  to  equivalent 
two-mirror  arrangements. 

One  of  the  most  essential  works  which  made  a  significant  impact  on  subsequent 
progress  in  quantum  electronics  was  a  paper  [8]  published  at  about  the  same  time  by 
Professor  Siegman  who  has  honored  this  workshop  by  his  presence.  It  attracted  generd 
interest  to  the  so-called  unstable  resonators,  which  until  that  time  seemed  to  be  useless. 
As  a  result  of  the  subsequent  theoretical  works  of  Siegman  and  of  an  extensive  series  of 
our  theoretical  and  experimental  studies  (see  [2],  sections  3.5  and  5.1.4),  it  is  the 
resonators  of  this  class  that  have  become  employed  on  an  increasingly  broader  scale  in 
high-power  lasers  with  a  small  beam  divergence.  We  have  proposed,  studied,  and 
implemented  specific  arrangements  based  on  these  resonators,  which  are  capable  of 
providing  presently  an  answer  to  a  variety  of  problems  in  quantum  electronics.  I  have 
in  mind  multipass  amplifiers  with  gigantic  gain  in  one  stage,  field  rotation  resonators 
with  compact  output  aperture,  resonators  with  super-high  stability  of  emission 
direction  etc  ([2],  sections  5.3,  5.4). 

Thousands  of  works  dealing  with  resonators  for  diverse  applications  and  designed  to 
operate  in  various  conditions  have  appeared  hence.  An  analysis  of  the  properties  of 
even  empty  resonators  turns  out  sometimes  to  be  very  cumbersome.  The  task  becomes 
progressively  more  complex  when  a  resonator  contains  a  gain  medium,  and  one  has  to 
take  into  account  the  various  nonlinear  processes  involved.  Note  also  that  the  geometry 
of  radiation  interaction  with  the  excited  medium  is  in  many  cases  far  fi'om  simple.  For 
all  these  reasons,  making  now  even  a  cursory  review  of  all  these  studies  would  be  a 
problem  of  daunting  complexity  indeed,  and  therefore  we  shall  restrict  ourselves  only 
to  a  broad-brush  account  of  the  aspects  we  believe  most  interesting. 

In  nearly  all  the  above  mentioned  works,  the  various  meth^s  of  analysis  were 
supported  by  the  results  of  numerical  calculations,  or  were  based  totally  on  such 
results.  The  explosive  growth  in  popularity  of  personal  computers  makes  nmnerical 
calculations  increasingly  more  important  in  all  walks  of  our  life,  including  resonator 
design.  Let  us  therefore  devote  a  few  words  to  the  methods  used  in  such  calculations. 
Until  now  the  most  popular  method  is  the  one  used  for  the  first  time  in  that  very 
famous  paper  of  Fox  and  Li  [1],  It  is  based  on  considering  the  evolution  of  a 
monochromatic  light  beam  in  its  multiple  transits  around  the  resonator. 

This  procedure  is  essentially  an  iterative  technique  to  find  the  eigenfunctions  of  the 
corresponding  integral  equation.  For  over  more  than  one  decade,  this  iterative 
procedure  has  been  subjected  to  only  insignificant  improvements.  In  particular,  one  has 
succeeded  in  increasing  somewhat  the  number  of  the  lowest  modes  amenable  to 
calculation  by  this  method;  it  has  been  foimd  that  the  iterative  approach  permits  one 
to  include  a  nonlinear  gain  medium  into  the  analysis.  At  the  same  time  using  in  each 
iteration  step  the  cumbersome  calculational  process  based  on  the  Huygens-Fresnel 
principle  resulted  quite  frequently  in  unjustifiably  long  computing  times. 
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A  large  step  forward  was  made  only  in  the  mid-TOs,  when  Professor  Siegman  together 
with  Sziklas  proposed  the  so-called  fast  Fourier  transform  [9,  10].  This  method 
permitted  one  in  many  important  cases  to  cut  down  dramatically  on  the  volume  of 
numerical  calculations  and,  thus,  to  broaden  the  range  of  the  resonator  parameters 
which  can  be  calculated  numerically. 

A  highly  original  approach  was  proposed  by  L.  A.  Vainshtein  and  described  in  his 
monograph  [11].  This  approach  permitted  Vainshtein  to  explain  some  of  the  processes 
which  occur  in  resonators  but  did  not  at  the  time  obtain  satisfactory  interpretation,  and 
to  obtain  relatively  simple  expressions  for  a  number  of  important  cases  which  did  not 
yield  to  analysis  by  other  methods  until  then. 

The  approach  of  Vainshtein,  which  is  based  on  taking  into  accoxmt  diffractive 
reflection  from  resonator  edge,  was  quite  popular  in  the  60s  -  70s.  It  was  found 
subsequently  that  the  part  played  by  this  process  is  mostly  not  large,  and  this  method  is 
employed  presently  only  in  certain  particular  cases. 

The  analysis  of  the  evolution  of  coherent  light  beams  based  on  using  the  concept  of 
point  eikonal,  which  is  essentially  the  optical  path,  has  enjoyed  a  different  fate.  This 
method  is  popular  in  classical  optics  and,  when  applied  to  the  theory  of  resonators,  was 
extended  considerably  and  is  presently  used  both  in  studies  of  an  analytical  character 
and  in  numerical  calculations. 

This  approach  was  initiated  by  the  paper  of  Collins  [5]  published  in  1964,  which  has 
already  been  mentioned  by  us.  In  this  very  first  work,  Collins  succeeded  in  establishing 
fairly  general  properties  of  resonators  with  simple  astigmatism  (such  optical  systems 
are  called  frequently  orthogonal). 

The  work  of  Collins  did  not,  however,  contain  useful  recommendations  for  calculation 
of  the  eikonal,  and  therefore  subsequent  studies  proceeded  primarily  in  the  direction 
delineated  by  the  classical  works  of  Kogelnik  and  Li  [6,  7],  likewise  mentioned 
already.  The  ray  matrix  formalism  proposed  by  them  yielded  an  extremely  simple 
expression,  called  sometimes  the  ABCD  relation,  which  describes  the  behavior  of 
Gaussian  and  similar  beams,  generated  primarily  by  lasers. 

Sometime  between  the  60s  and  the  70s  it  was  found  that  matrix  formalism  permits  one 
not  only  to  use  the  ABCD  relation  but  to  calculate  the  eikonal  itself  (see,  for 
example,[12];  thus  these  two  methods  have  become  intimately  connected.  Their 
synthesis  leads  to  universal  integral  relations,  which  make  possible  finding  the  field 
distribution  at  the  output  of  multi-component  optical  systems  from  the  given 
distribution  at  their  input. 

During  the  many  subsequent  years  this  method  could  be  applied,  however,  only  to  a 
comparatively  narrow  class  of  optical  systems  possessing  two  mutually  perpendicular 
planes  of  symmetry.  Only  in  the  late  80s,  I  together  with  Bekshaev  have  succeeded  in 
extending  this  method  to  systems  with  arbitrary  astigmatism  and  misalignments, 
which  contain,  besides  optical  components  which  are  comparatively  easy  to  take  into 
account,  inclined  ellipsoidal  interfaces,  diffraction  gratings,  and  sections  of  a  medium 
with  a  refractive  index  whose  dependence  on  transverse  coordinates  is  described  by  a 
complex  second-order  polynomial  [13,  14].  The  results  obtained  in  these  studies  are 
summed  up  in  Appendix  to  my  book  [2].  We  are  presently  completing,  in  cooperation 
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with  scientists  from  Aachen,  development  of  computer  programs  based  on  these 
methods. 

Besides  the  above  mentioned  methods  or  in  combination  with  them,  there  are  many 
others  adopted  from  quantum  mechanics,  automatic  control  theory  etc.  We  are  not 
going  to  dwell  on  them;  it  should  now  be  clear  that  the  theory  of  laser  resonators  has 
long  become  an  independent  branch  of  quantum  electronics.  People  specializing  in  this 
area,  just  as  in  any  other,  possess  a  large  volume  of  specific  knowledge  and  have 
accumulated  immense  practical  experience  in  resonator  design.  This  specifically 
relates  to  those  of  them  who  participated  in  development  of  lasers  of  various  types. 
Among  them  are  my  former  students  delivering  a  number  of  review  lectures  at  this 
workshop,  namely  representing  Russia  Sherstobitov,  Orlova,  Dimakov  and  presently 
Canadian  Anikichev.  I  should  mention  that  the  knowledge  of  the  technical  solutions 
proposed  in  diverse  situations  permits  one  to  master  virtually  all  techniques  used  to 
improve  laser  optics.  This  provides  a  considerable  edge  over  other  designers  of  laser 
technology  who  quite  frequently  have  dealt  only  with  one  laser  type  and  may  not  be 
aware  of  the  useful  solutions  reached  for  lasers  of  another  kind. 

Nevertheless,  one  frequently  meets  in  practice  with  an  underestimation  of  the 
importance  of  this  experience  and  knowledge.  Therefore  I  am  going  to  explain  now 
what  is  the  use  of  people  specializing  in  optical  resonators  and,  on  a  broader  scale,  in 
methods  of  solving  the  problem  of  the  quality  of  laser  radiation,  a  problem  of 
paramount  importance  indeed. 

I  immediately  point  out  the  expediency  of  their  participation  in  the  very  early  stages  of 
a  new  laser  project.  This  is  sometimes  neglected  for  one  of  the  two  following  reasons: 
specialists  in  methods  of  excitation  of  gain  media  either  believe  that  their  own 
knowledge  in  resonators  is  more  than  sufficient  or  are  of  the  opinion  that  one  has  first 
to  make  a  laser,  and  the  beam  divergence  problem  can  be  shelved  until  a  later  time.  It 
is  not  hard  to  guess  what  such  an  approach  can  lead  to.  I  know  of  more  than  one  case 
where  time-consuming  work  on  development  of  a  laser  of  a  new  type  proceeded  for  a 
long  time  without  invoking  the  help  of  resonator  specialists  in  a  direction  which,  from 
the  standpoint  of  spatial  characteristics  of  radiation,  was  totally  a  blind  alley.  And  after 
the  laser  has  been  built,  and  it  turns  out  that  its  operation  is  unsatisfactory,  the  people 
in  charge  come  to  a  sudden  realization  that  something  is  wrong,  but  the  train  has 
already  departed,  as  we  say. 

As  an  illustration,  I  could  tell  here  about  some  very  expensive  projects  on  development 
of  high-power  liquid-medium  lasers  started  in  our  country.  At  the  same  time  it  would 
not  have  been  difficult  for  resonator  specialists,  acquainted  at  least  superficially  with 
thermo-optical  properties  of  liquids,  to  draw  a  conclusion  on  total  fruitlessness  of  such 
ventures. 

After  the  general  direction  of  work  on  the  project  has  already  been  chosen,  one  starts 
with  developing  the  optical  arrangement  of  the  corresponding  laser,  which  sometimes 
requires  searching  for  novel  solutions;  we  shall  see  at  this  workshop  that  the  process  of 
generation  of  these  new  solutions  has  not  come  to  an  end.  As  a  rule,  such  novel 
solutions  will  require  experimental  verification,  and  professional  experience  and 
expertise  in  resonator  development  permits  one  sometimes  to  cany  out  this  verification 
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by  straightforward  and  cheap  means.  For  instance,  we  managed  once  in  avoiding  truly 
colossal  expenses  by  simulating  resonators  for  giant  chemical  lasers  using  the  simplest 
neodymium-glass  laser. 

Although  at  first  glance  the  laser  resonator  appears  to  be  a  simple  device  of  which 
everybody  knows  everything,  it  is  by  far  not  every  laser-technology  designer  that  is 
acquainted  with  its  subtle  features.  This  relates  especially  to  the  arrangements  that 
have  appeared  quite  recently.  I  shall  permit  myself  a  few  fairly  recent  examples. 

In  the  early  80s,  Italian  researchers  proposed  the  so-called  unstable  resonator  with 
spatial  filtration  of  radiation  (SPUR)  (see  its  schematic  in  Fig.  l,a).  In  contrast  to 
conventional  unstable  arrangements,  the  output  distribution  of  this  laser  is  close  to 
Gaussian.  True,  at  the  center  there  is  an  area  unfilled  by  radiation,  but  if  the  medium 
provides  a  high  gain  this  area  is  small,  and  it  does  not  affect  strongly  the  far-zone 
distribution. 


a 


b 


Many  researchers  are  acquainted  with  this  arrangement  and  sometime  use  it,  but  much 
less  known  is  the  following:  our  analysis  [15]  showed  that  the  right-hand  part  of  this 
resonator  can  be  replaced  by  one  plane  mirror  (Fig.  l,b).  The  new  resonator,  while 
providing  the  same  lasing  parameters,  is  not  only  simpler  in  design  but  at  the  same 
time  is  more  convenient  in  that  the  radiation  is  led  out  here  along  the  optical  axis 
rather  than  off  it. 

A  few  years  ago  a  group  of  Japanese  researchers  started  to  employ  unstable  resonators 
with  a  semitransparent  output  mirror.  The  idea  behind  this  arrangement  is  that  adding 
to  an  annular  cross-section  beam  at  least  a  weak  beam  with  an  appropriate  phase  from 
the  central  zone  could  increase  substantially  the  fraction  of  the  energy  confined  within 
the  central  spot  in  the  angular  distribution. 

This  approach  is  illustrated  by  Fig.  2,  a.  The  upper  (solid)  curve  shows  the  angular 
distribution  of  radiation  for  an  ideal  plane-wavefront  emitter  with  uniform  distribution 
over  a  circular  output  aperture,  the  lower  (dot)  one  relates  to  a  conventional  unstable 
resonator  with  60%-losses,  and  the  third  (dash),  to  unstable  resonators  which  have 
output  mirrors  with  a  finite  transmission  coefficient  T=0.3  but  the  same  losses  (for 
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which  purpose  one  has  to  reduce  the  coefficient  of  magnification  M).  We  readily  see 
that  in  this  idealized  case  of  no  intracavity  aberrations  this  approach  can  turn  out  quite 
useful. 


Figure  2 

a)  b) 


This  example  gives  us  grounds  to  voice  the  following  consideration.  The  authors 
proposing  a  new  arrangement  try  usually  to  stress  all  its  merits,  however  small,  while 
passing  over  in  silence  its  drawbacks.  But  the  specialist  using  various  designs  in 
practice  must  know  these  shortcomings.  In  this  particular  case,  this  arrangement  has  a 
serious  drawback  which  our  analysis  has  immediately  revealed,  namely,  it  is  highly 
sensitive  to  intracavity  aberrations.  This  is  readily  seen  from  Fig.  2,  b,  where  the  upper 
curve  is  the  same  as  on  Fig  2,  a,  and  two  others  relating  to  the  same  resonator  designs 
as  Fig.  2,  a,  but  in  the  presence  of  spherical  wave  aberrations  of  only  X/8  in  single 
transit  though  an  active  medium.  In  these  conditions  resonators  with  partially 
transmitting  mirrors  turn  out  to  be  not  better  but  worse  than  the  conventional  designs. 
Rather  than  multiplying  examples  of  such  kind,  we  shall  devote  a  few  words  to  the 
beam  divergence  problem,  which  is  intimately  connected  with  the  resonators. 

The  factors  on  which  the  angular  divergence  depends  are  well  known,  as  is  well  known 
also  the  large  variety  of  means  by  which  one  can  try  to  approach  its  diffraction-limited 
value.  While  introducing  unstable  resonators  permitted  one  to  make  considerable 
progress  on  this  way,  there  still  exist  the  limitations  associated  with  inhomogeneities  of 
the  gain  media.  Attempts  at  overcoming  these  limitations  by  means  of  the  so-called 
wavefront  conjugation  have  been  made  with  varying  success  for  over  a  quarter  of  a 
century.  The  history  of  this  method  goes  as  far  back  as  the  mid-60s,  when  Kogelnik 
proposed  it  to  improve  observation  systems;  in  1971, 1  proposed  a  similar  technique  to 
correct  the  wavefront  of  high-power  laser  emitters  [16]  (Here  one  has  in  mind  the  very 
popular  scheme  of  two-transit  laser  amplifier  with  intermediate  wavefront 
conjugation). . 

An  analysis  of  all  these  problems  on  this  workshop  being  impossible,  I  shall  talk  only 
about  what  one  should  strive  for.  I  have  in  mind  the  radiation  field  distributions  which 
are  most  favorable  from  the  applications  standpoint,  an  aspect  which  is  cormected 
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intimately  with  the  criteria  to  be  used  in  comparing  various  emitters  of  the  same  power 
from  view-point  of  their  angular  distribution. 

In  our  country  the  angular  divergence  of  laser  radiation  was  most  frequently 
characterized  by  one  of  two  parameters,  namely,  the  divergence  at  0.5  intensity  level 
and  that  at  0.5  (sometimes  80%)  energy  level.  The  first  of  them  is  actually  the  width  of 
the  central  maximum  in  the  angular  distribution  which  is  measured  at  the  level 
corresponding  to  one  half  the  maximum  intensity,  and  the  second,  the  angular  width  of 
the  cone  confining  one  half  (or  80%)  of  the  total  radiation  flux. 

Any  systematic  analysis  of  the  shape  of  the  angular  distribution  radiated  by  various 
coherent  sources  showed,  however,  that  attempts  at  comparing  the  practical 
significance  of  sources  in  the  value  of  only  one  of  these  two  parameters  can  easily  lead 
to  an  erroneous  conclusion.  Take,  for  instance,  the  angular  distributions  produced  in 
diffraction  of  a  plane  wave  from  a  round  hole  and  from  rings  with  the  same  outer 
diameter  (the  latter  shape  is  characteristic  of  conventional  unstable  resonators). 
Calculations  yield  the  following  results:  the  angular  divergence  of  the  radiation  emitted 
by  round  hole  measured  at  the  0.5  intensity  level  or  at  the  0.5  energy  level  is  nearly  the 
same;  but  when  we  proceed  to  annular  emitters,  the  first  value  decreases  and  the 
second  quickly  increases.  For  instance,  if  inner  diameter  of  ring  is  equal  to  80%  of 
outer  diameter,  these  two  parameters  differ  more  than  6  times. 

The  general  conclusion  that  any  attempt  at  characterizing  the  divergence  in  any 
situation  with  only  one  parameter  seemed  to  me  fairly  obvious  (see,  foe  example,  my 
books).  Nevertheless,  in  the  late  80s  Western  specialists  in  laser  technology  accepted 
the  so-called  "beam  quality"  as  such  a  universal  parameter. 

This  parameter  is  based  on  calculation  of  second-order  moments  of  near-  and  far-field 
intensity  distributions.  The  theory  of  beam  moment  evolution  in  the  course  of 
propagation  is  in  itself  quite  elegant,  and  Professor  Siegman  played  a  prominent  part 
in  developing  and  spreading  this  method.  A  certain  contribution  to  this  area  is  due  to 
me  with  Bekshaev  [17];  indeed,  whereas  before  our  paper  the  moment  evolution  laws 
were  known  only  for  beams  of  comparatively  simple  shape  propagating  through 
orthogonal  optical  systems,  we  solved  the  problem  for  arbitrary  beams  and  for  systems 
of  a  much  broader  class. 

The  definition  itself  of  the  beam  quality  in  terms  of  second-order  moments  implies  that 
the  significance  of  the  distribution  tails,  for  which  the  weighting  factor  equal  to  the 
squared  distance  from  the  axis  is  too  large,  is  here  clearly  overevaluated.  A  more 
careful  analysis  shows  indeed  that  the  beam  quality,  as  a  criterion  for  comparing 
various  sources  of  coherent  radiation  in  their  usefulness,  has  an  inherent  deiciency, 
which  do  not  have  the  parameters  mentioned  before.  Indeed,  the  beam  divergence  of 
any  radiation  source  of  practical  significance,  measured  at  any  intensity  or  energy 
level,  has  always  a  definite  and  finite  value.  At  the  same  time  the  beam  quality  has  a 
finite  reasonable  value  only  if  fairly  rigid  conditions  imposed  on  the  field  distribution 
shape  are  satisfied.  For  many  realistic  coherent-radiation  sources  these  conditions  are 
formally  not  met. 

Indeed,  it  can  be  easily  shown  that  if  the  dependence  of  intensity  on  transverse 
coordinates  has  breaks,  the  second  moments  of  the  angular  distribution  and,  hence,  the 
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beam  quality  become  infinitely  large.  Note  that  such  breaks  inevitably  occur  in  the  case 
of  diffraction  from  rigid  diaphragms,  which  are  always  used  in  optical  systems. 

While  in  principle  this  difficulty  can  be  sidestepped  by  introducing  an  apodization 
factor  in  a  theoretical  consideration,  or  by  limiting  properly  the  aperture  in  far-field 
distribution  measurements,  the  result  will  now  become  dependent  on  the  width  and 
shape  of  the  corresponding  transmission  function. 

Because  of  that,  the  comparison  of  the  potential  of  different  sources  by  the  magnitude 
of  can  lead  to  absurd  results.  The  well-known  paper  of  Siegman  [18]  may  serves 
convincing  illustration  of  this  fact.  I  shall  permit  myself  giving  here  one  more 
revealing  illustration;  just  as  in  the  paper  of  Siegman,  it  relates  to  the  case  of  phase 
correction  for  beams  with  alternating  amplitude  distribution.  Solid  curve  in  Fig.  3 
displays  the  angular  distribution  of  radiation  for  a  high-order  mode  of  a  stable 
resonator  (it  is  for  such  beams  that  this  method  of  correction  was  originally  proposed); 
after  the  correction,  the  angular  distribution  assumes  the  shape  of  the  dot  curve. 

Figure  3 


It  is  certainly  obvious  that  the  phase  correction  has  dramatically  improved  the  angular 
distribution;  indeed,  the  central  lobe,  which  originally  contained  4%  of  the  total  power, 
now  confines  70%.  At  the  same  time  the  quantity  M2  retained  its  original  value  of  25 
after  the  correction  only  because  a  negligible  fraction  of  the  radiation  is  scattered 
through  large  angles. 

I  think  the  most  universal  parameter  characterizing  an  angular  distribution  in  the  cases 
where  the  output  laser  aperture  does  indeed  limit  the  beam  cross  section  and,  thus, 
determines  the  diffraction-limited  divergence,  is  the  aberration  factor  introduced  in  my 
book  [19].  It  is  equal  to  the  ratio  of  the  axial  luminous  intensity  (i.e.  intensity  at  the 
center  of  the  angular  distribution  or  of  the  focusing  zone)  to  its  maximum  possible 
value  at  the  given  output  power  and  cross  section  of  output  aperture.  It  is  interesting 
that  above-mentioned  maximum  possible  value  of  the  axial  luminous  intensity  is 
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reached  in  the  case  where  the  wavefront  is  plane,  and  the  radiation  density  fills 
uniformly  the  aperture  rather  than  has  the  Gaussian  distribution. 

For  problems  associated  with  illumination  of  distant  objects  the  adequacy^  of  this 
criterion  is  obvious.  Besides  this  case  there  is  a  number  of  other  important  applications 
where  Gaussian  beams  are  far  from  optimal. 

In  connection  with  all  this  I  do  not  understand  why  the  manufacturers  of  industrial 
lasers  show  such  inclination  toward  Gaussian  beams;  indeed,  despite  the  fact  that  the 
people  with  whom  I  presently  work  have  great  experience  in  the  use  of  lasers  in 
cutting,  welding  etc.,  we  have  not  been  able  to  find  any  weighty  arguments  in  favor  of 
application  of  pure  Gaussian  beams  in  any  process. 

All  this  provides  support  for  my  opinion,  expressed  more  than  once,  that  it  is 
impossible  to  characterize  the  beam  quality  with  an  only  parameter  appropriate  for  any 
conceivable  case.  Beams  with  different  intensity  distributions  can  be  found  suitable  for 
different  applications,  and,  thus,  one  will  inevitably  have  to  use  different  beam  quality 
criteria. 

In  conclusion,  I  shall  permit  myself  a  short  and  possibly  somewhat  disagreeable 
digression.  At  any  conference  dealing  with  a  broad  scope  of  problems  bearing  on 
resonators  and  the  angular  divergence  of  radiation  one  invariably  hears  too  many  ideas 
and  learns  about  so  many  studies  which  had  been  reported  and  discussed  in  Russian- 
language  literature  long  ago. 

This  workshop  has  not  been,  alas,  an  exclusion  to  the  rule.  Rather  than  presenting 
numerous  examples  in  support  of  this  statement,  I  shall  restrict  myself  to  only  one  of 
them.  I  have  in  mind  the  report  of  Prof  Siegman,  whom  I  hold  in  a  high  esteem  and  to 
whom,  by  the  way,  I  am  greatly  indebted.  The  concept  developed  in  this  report  was 
proposed  by  me  and  Anikichev  as  far  back  as  1986  [20]. 

It  will  not  be  an  overstatement  to  say  that  during  the  recent  two  decades  I  have  come 
across  ideas  and  considerations  new  to  me  only  on  a  few  occasions.  There  are  two 
reasons  for  this. 

One  of  them  consists  in  that  in  the  late  60s  Russian  researchers  have  found  themselves 
in  a  particularly  favorable  situation.  At  that  time,  our. country  was  spending  huge 
amounts  of  money  on  military  purposes;  this  provided  us  with  a  unique  possibility  to 
bring  together  a  large  group  of  good  specialists,  which  now  already  for  30  years  have 
been  working  exclusively  on  problems  coimected  with  resonators  and  the  angular 
divergence.  This  group  has  been  taking  part  for  a  long  time  in  practically  all  large 
Soviet  laser  projects  and  has  accumulated  a  truly  enormous  experience.  We  studied 
comprehensively  all  problems  arising  in  building  resonators,  for  high-power  lasers.  All 
results  of  scientific  significance  were  published  in  literature;  it  should  be  added  that 
rather  than  limiting  ourselves  to  listing  the  various  methods  of  solution  for  the 
corresponding  problem,  we  expressed  our  opinion  concerning  the  potential  of  these 
solutions.  And  we  can  see  now  that  in  the  vast  majority  of  cases  these  opinions  have 
turned  out  to  be  correct. 

The  second  reason,  and  not  a  less  significant  one,  is  that  nobody  in  the  West  appears  to 
read  our  papers  and  books,  although  our  magazines  and  books  are  published  in  an 
English  edition  as  well.  One  has  to  admit  that  the  quality  of  translation  is  quite  often 
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unsatisfactory.  This  does  not,  however,  relate  to  my  recent  book  [2]  which  summed  up 
numerous  Russian  studies.  Translated  by  my  good  friend  G.  P.  Skrebtsov,  it  was 
published  also  in  the  West;  and  althou^  all  reviewers  estimated  the  translation  as 
excellent,  and  a  preface  to  the  book  was  written  by  Prof  Siegman  himself,  nobody 
reads  it  either,  as  this  has  become  obvious  at  this  Workshop! 

At  the  same  time  if  no  efforts  were  spent  to  understand  anew  what  was  already  learned 
before,  and  no  mistakes  which  were  made  by  other  researchers  were  repeated  time  and 
again,  our  progress  would  be  much  faster  and  much  more  rational. 
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LASER  RESONATOR  THEORY 


S.  G.  ANIKITCHEV 
SGA 

44  Painted  Rock,  Richmond  Hill, 

Ontario,  Canada  L4S 1R6 

This  paper  is  about  how  to  apply  the  knowledge  of  formal  resonator  theory  to  real  laser 
situations. 


1,  Properties  of  hollow  resonator  eigen  modes  and  expansions  in  eigenfunction 
series 

We  shall  start  from  some  well  known  properties  of  integral  open  cavity  operators  G  ^ . 
Their  eigen  modes  and  eigen  values  are  the  solutions  of  the  integral  equation 

am  Um  -  G(Um).  (1) 

where  \a,„  |  <  1  due  to  diffraction  loss. 

Our  goal  now  is  to  understand  how  one  can  use  the  set  of  eigen  functions  (modes)  to 
describe  a  laser. 

The  kernels  of  resonator  operators  are  complex  symmetrical  (or  may  be  made 
symmetrical),  which  means  that  for  an  arbitrary  pair  of  frmctions/and  g  the  following 
relation  is  valid: 

jjG(g)dS  =  jgG(f)dS,  (2) 

s  s 

where  S  is  the  surface  on  which  functions  are  prescribed  (in  our  case  it  is  the  surface  of 
the  mirrors).  From  (2)  it  follows  that 

{»,„•«„)  =  l"..«ndS  =  0,  (3) 

if  am  ^  a„  .  From  (3)  it  follows  that  nondegenerated  eigenfunctions  of  G  are  linearly 
independent.  Let  a  Ua  "  G(Ua)^0,  p  G(up),  and  y  Uy  Gf?/^^with  aj^p,aj^ 
y,  and  P  ^y  ^  Let  us  also  assume  that  one  can  find  h  and  c  such  that  Ua  ^  ^  Wy. 

With  the  use  of  (3 )  we  obtain  0  =  (?/„ //^ )  =  ii^ )  +  c(ii^ =  ...  c=^^0  and,  finally 
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Ua  =  0,  which  proves  the  statement.  It  should  be  noted  that  properties  (2),  (3)  and 
linear  independence  are  true  only  on  the  surface  of  mirrors  of  linear  cavities. 

There  is  some  artificial  analogy  between  properties  (2)  and  (3)  and  properties  of 
Hermitian  operators  K: 


]gK(f)dS:=\f[K(g))’ds^!mA 

s  s 

(4) 

{9„,.9>„)  =  l9>„<P„dS  =  0, 

(5) 

s 


where  <p^,  (p„  are  nondegenerated  eigenfunctions  of  the  operator,  and  the  star  denotes 
complex  conjugation.  The  existence  of  (4)  implies  Hermitian  orthogonality  and 

completeness  of  the  set  ^  in  the  space  H  of  functions  with  finite  energy. 

From  the  operator  theory,  in  general,  it  does  not  follow  that  integral  operators  with 
complex  symmetrical  kernel  G  with  properties  (2),  (3)  posses  a  complete  set  of 
eigenfunctions.  Despite  this  fact,  formal  similarity  of  Eqs  (2),  (3)  and  (4),  (5)  suggested 
to  the  authors  of  ^  and  ^  the  possibility  of  representing  the  arbitrary  functions  prescribed 
on  S  in  the  form  of  series 

f  =  'Lc„u„,  (6) 


where  c„  are  calculated  in  a  “natural”  way,  u^j  {u^  u}j.  The  question  is  how  to 

use  these  expansions.  By  virtue  of  linear  independence,  the  set  of  eigen  modes  forms 
the  basis  of  some  subspace  of  VcH  and  can  be  useful  if  we  know,  at  least 
approximately,  what  we  are  losing. 


For  this  reason  it  will  be  interesting  to  give  an  example  which  provides  us  with  some 
rough  idea  about  the  case  when  an  approach  using  eigen  mode  expansions  is  incorrect. 

Let  us  consider  a  two-dimensional  cavity  of  plane  or  spherical  mirrors  with  a  Gaussian 
distribution  of  reflection  coefficient  as  the  simplest  model  of  an  open  cavity  that  permits 
analytical  solutions.  It  is  easy  to  verify '  that  in  case  of  an  unstable  resonator  an  attempt 
to  expand  a  converging  wave/o  =  (uq)*  (Fig.  2)  into  a  series  (Eq.  (6))  using 
eigenfunctions  (modes)  leads  us  to  a  diverging  series. 


The  converging  wave / o  can  be  produced  by  the  light-scattering  sources  inside  the 
cavity  Almost  complete  absence  of  loss  over  several  passes  is  a  typical  feature  of 
converging  waves. 
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Fig.  2 


We  can  also  excite  waves  similar  in  properties  in  stable  resonators  with  Gaussian  mirrors 
by  injecting  them  from  an  external  source  (or  they  can  be  produced  by  spontaneous 
radiation  of  the  active  medium).  Under  certain  conditions  such  waves  can  not  be 
represented  as  series  (Eq.  (6)),  either.  We,  thus,  can  interpret  divergence  of  the  series  for 
fo  as  impossibility  to  represent  according  to  rule  (6)  a  wave,  which  at  a  certain  stage  of 
evolution  has  energy  loss  per  pass  less  than  any  cavity  mode. 

This  assumption  is  substantiated  by  the  following  argument.  As  we  can  see,  almost  in  all 
cavities  we  can  find  waves  of  type”,  to  which  belong,  for  instance,  the  waves 
introduced  in  There  are  only  two  exceptions;  ideal  stable  cavities  with  totally 
reflecting  infinite  mirrors,  and  confocal  resonators.  Their  modes  are  real  and,  therefore 
orthogonal  in  Hermitian  sense  (in  this  case  Eq.  (6)  becomes  the  Fourier  series  using 
complete  orthogonal  systems  of  functions).  It  is  significant  that  in  this  case  waves  do  not 
exist,  and  energy  loss  per  pass  is  less  than  loss  of  the  fundamental  mode. 

This  statement  is  obvious  for  stable  resonators  with  infinite  mirrors  and  is  proven  in 
Ref  ‘  and  Ref  “  using  different  techniques.  From  considerations  in  Ref  ‘  it  also  follows 
that  any  phase  perturbation  in  a  confocal  cavity  (which  leads,  for  example,  to  slight 
change  of  configuration),  lowers  its  0:  a  perturbed  cavity  has  a  set  of  modes  that  does 
not  match  that  of  the  confocal  resonator  and  its  zero-order  mode  does  not  possess  the 
above  property.  Therefore,  the  only  cavity  with  finite  mirrors  which  has  a  complete  and 
orthogonal  set  of  eigenmodes  is  the  confocal  one. 
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The  arguments  given  on  the  application  of  type  (6)  expansions  do  not  provide  us  with 
answers  to  all  possible  questions  and  they  ate  not  mathematically  rigorous.  However, 
they  can  serve  as  a  warning  for  those  who  use  the  eigenmode  expansions. 


2.  Excitation  of  resonators 


One  of  the  conclusions  that  may  be  drawn  from  the  previous  is  that  the  set  of 
eigenmodes  can  not  be  used  for  representation  of  spontaneous  radiation  when 
considering  the  details  of  the  onset  problem.  The  point  is  that  the  amplitude  distribution 
w  of  spontaneous  emission  is  expressible  in  general  case  as 
w  =  V  +  where  v  e  V,  u  e H\V. 

In  other  words,  v  can  be  represented  as  a  linear  combination  of  eigenmodes,  and  at  the 
same  time  u  belongs  to  the  set  of  functions  for  which  series  (6)  are  diverging.  It  may  be 
unimportant  for  empty  cavities  (converging  waves  after  a  full  cycle  of  evolution  become 
diverging  and  leave  the  resonator)  but  is  of  importance  in  case  of  a  laser,  because  of  gain 
saturation. 

After  this  remark  let  us  briefly  consider  the  standard  excitation  problem: 

f=G(/)+g,  (7) 

where/ is  the  solution  sought,  G  is  the  cavity  operator,  and  g  is  the  prescribed  function 
(the  external  source  of  radiation).  In  an  empty  resonator,  G  does  not  depend  on /  and  g 
and  is  simply  a  linear  compact  operator.  The  formal  solution  of  (7)  is  given  by  Neumann 
series 

f='Z[G(g)y  (8) 

n=0 

which  is  converging  if  norm  ||G||  <  7;  this  statement  is  always  valid  for  empty  resonators 
because  of  energy  loss.  Eq.  8  provides  us  with  an  easy  method  for  numerical 
calculations. 

If  the  cavity  contains  saturable  active  medium,  operator  G  depends  on  the  intensity 
inside  the  resonator  and  problem  (7)  becomes  much  more  complicated.  However,  it  may 
be  shown  that  because  of  saturation  and  diffraction  loss  operator  G  does  possess  the 
required  properties  and  solution  of  the  excitation  problem  with  an  external  source  is 
again  given  by  (8). 

The  simplest  and  the  most  popular  method  of  mode  calculations  in  empty  cavities  is  the 
method  of  iterations,  where  the  solutions  of  (1)  are  given  by  the  following  equations: 

I/,,  =  lim(v'')^lm(G(GC..G(v° ),,.)))  ^ 

«-xc  n-^00 

n-¥tx> 


(9) 
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Here  is  a  zero  approximation;  each  distribution  v”  (field  after  n  passes  over  the  cavity) 
is  normalized  in  order  to  avoid  the  loss  of  accuracy.  By  picking  symmetrical  one  can 
derive  fundamental  eigen  mode  and  corresponding  eigen  value.  In  case  of  asymmetrical 
one  can  obtain  the  lowest  asymmetrical  mode.  Usually  these  calculations  are 
performed  using  Fox  -  Li  or  FFT  methods. 

To  calculate  high  order  modes,  for  example  we  have  to  consider  operator  G  as  an 
operator  defined  in  the  space  Hs,o  of  symmetrical  functions  which  are  orthogonal  to  Uo 
(they  are  automatically  orthogonal  to  «/).  For  calculation  of  U4  we  shall  consider  G  in  a 
space  of  Hs,o,2  and  so  on.  Numerical  procedure  becomes  bulky  for  it  should  include 
calculations  of  all  low-order  modes  and  Hermit  orthogonalization  at  each  iterative  loop. 

The  numerical  procedure  gives  us  some  information  about  the  onset  process  in  the 
resonator.  With  the  use  of  this  procedure  one  can  roughly  estimate  the  time  which  is 
necessary  to  select  the  fundamental  mode  from  spontaneous  emission.  The  time  obtained 
from  calculations  depends  not  only  on  the  parameters  of  the  resonator  but  also  on  the 
type  of  initial  distribution.  This  means  that  for  proper  simulation  of  the  onset  one  has  to 
have  a  reliable  model  of  spontaneous  emission,  see  Fig  3. 

Initial 
distribution 


Initial 

distribution 


Fig.  3 

As  it  follows  from  earlier  sections,  this  approach  works  separately  in  the  sets  of 
functions  with  different  types  of  symmetry:  in  order  to  calculate  the  lowest  asymmetrical 
mode  (and  get  information  about  the  onset)  one  should  start  from  purely  asymmetrical 
initial  distribution. 

Very  often  introducing  the  saturable  active  medium  in  the  model  changes  the  onset 
process  dramatically,  for  example  when  considering  metal  vapor  and  excimer  lasers 

In  some  cases,  however,  estimations  of  the  time  which  is  necessary  for  the  selection  of 
the  fundamental  mode,  obtained  from  the  Fox-Li  calculations  of  empty  cavities,  may  be 
usefiil.  It  happens  if  the  onset  occurs  during  linear  or  under  threshold  stage  of  oscillation 
in  a  condition  when  gain  distribution  is  uniform  and  the  final  state  of  the  laser  is  single- 
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mode  oscillation.  It  primarily  takes  place  in  resonators  with  high  diffraction  loss,  such  as 
unstable  and  Fabri  -  Perot  resonators  with  small  apertures. 


3.  Resonators  with  saturable  active  medium 

It  should  be  mentioned  in  the  beginning  that  there  is  no  correct  way  of  compiling  the 
integral  equation  of  the  type  (1)  for  resonators  filled  with  saturable  active  medium.  For 
this  reason  the  numerical  model  of  an  active  resonator  introduced  by  Fox  and  Li  ^  is  in 
common  use  (see  Fig.  4). 


Using  this  model,  they  replaced  the  operator  G  of  the  open  resonator  with  a  computer 
program  which  can  take  into  account  not  only  effects  of  diffraction  but  also  uneven 
distribution  of  gain  and  its  saturation  by  concentrating  active  medium  into  infinitely  thin 
layers  inside  the  cavity. 

As  it  can  be  readily  seen,  the  results  of  calculations  using  this  modification  of  Fox-Li 
method  (no  matter  which  particular  numerical  approach  is  applied)  depend  not  only  on 
the  parameters  of  the  resonator  and  the  active  medium  but  also  on  the  type  of  initial 
distribution. 

Low  gain  and  symmetrical  initial  distribution  will  result  in  a  fundamental  mode  solution. 
In  a  situation  when  gain  is  higher,  the  problem  may  have  more  than  one  solution 
depending  on  the  zero  approximation. 

It  is  possible  to  find  a  combination  of  parameters  of  the  active  medium  and  the  resonator 
when  Fox-Li  approach  will  give  three  different  results.  Let  us  assume  that  we  have 
symmetrical  initial  distribution  of  gain  and  the  resonator  is  symmetrical  with  respect  to 
the  optical  axis.  The  first  solution  will  be  TEMq  (symmetrical  initial  approximation),  the 
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second  one  will  be  TEMi,  and  the  third  one  will  be  a  combination  of  TEMo  and  TEMi 
for  initial  distribution  which  is  a  mixture  of  symmetrical  and  asymmetrical  distributions 
of  the  field’s  amplitude,  Fig.  5. 

The  first  two  solutions  are  unstable;  the  third  solution  is  not  converging  within  the 
frameworks  of  Fox-Li  method  because  of  the  beating  between  the  two  modes.  What  this 
means  is  that  iterative  numerical  calculations  are  not  suitable  for  analysis  of  multiple 
mode  lasing;  any  single  mode  solution  should  be  checked  for  stability. 
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Fig.  5 
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4.  Single-mode  and  multiple-mode  operation 

As  it  follows  from  the  foregoing  text,  resonators  filled  with  saturable  active  medium  are 
hard  to  analyze.  However,  there  are  some  important  situations  that  can  be  described 
quite  neatly. 

Before  proceeding  any  further,  we  should  mention  the  fact  that  most  lasers  with  unstable 
resonators  are  single-mode.  Therefore,  they  can  be  worked  on  with  the  use  of 
conventional  Fox-Li  method.  Diffraction  loss  in  such  resonators  is  so  high  that  at  almost 
any  gain  we  end  up  with  one  stable  solution  of  the  nonlinear  Fox-Li  problem.  In  this  case 
the  problem  is  quite  simple  for  calculations,  if  we  put  aside  the  special  case  of  lasers  with 
high  level  of  spontaneous  emission  and  large  gain,  such  as  metal-vapor  and  excimer 
lasers  Hence,  the  analysis  of  mode  structure  is  important  only  for  stable  and  wave¬ 
guide  resonators.  Laser  developers  are  most  often  interested  in  finding  out  the 
parameters  which  ensure  single-mode  lasing.  We  shall  consider  here  (using  Fox-Li 
method  as  an  illustration),  step  by  step,  a  very  simple  method  which  is  convenient  when 
doing  numerical  simulations  or  analytical  estimations. 

1 .  We  assume  that  parameters  of  the  resonator  and  the  active  medium  are  such  that  the 
laser  works  on  the  lowest  mode,  TEMo.  To  find  the  distribution  of  its  amplitude  we 
should  take  symmetrical  initial  approximation.  After  finding  the  fundamental  mode 
as  a  solution  we  should  check  if  this  solution  is  stable. 

2.  If  the  solution  is  not  stable  (we  observe  beating  -  periodical  change  of  distribution  at 
reference  plane),  we  have  got  the  answer:  beating  indicates  that  some  symmetrical 
high-order  modes  are  above  the  threshold  and  steady  lasing  at  TEMo  is  impossible. 

3.  If  we  have  a  stable  solution,  it  does  not  yet  mean  that  the  resonator  ensures  single¬ 
mode  operation,  for  we  lost  all  asymmetrical  modes  in  the  numerical  calculations. 

To  answer  the  question  one  should  inject  any  asymmetrical  function  (better  TEMi 
calculated  for  the  empty  cavity)  into  the  resonator  with  the  distribution  of  gain 
which  corresponds  to  the  gain  saturated  by  TEMo  (step  #1).  If  TEMi  is  above  the 
threshold,  we  have  multiple-mode  operation,  otherwise  -  single  mode  lasing,  Fig.  6. 
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Fig.  6 

In  the  situation  of  two-mirror  linear  stable  resonators  this  logical  pattern  can  be 
considerably  improved  and,  in  addition,  some  analytical  results  can  be  obtained  .  The 
point  is  that  to  get  reliable  results  one  should  take  into  account  the  3-D  nature  of  the 
active  medium.  It  means  that  we  have  to  reject  the  model  in  which  the  active  medium  is 
concentrated  in  thin  layers  adjacent  to  the  mirrors  and  try  to  make  all  calculations 
analytically. 

Without  going  into  details,  we  shall  just  report  that  the  result  of  consideration  is  the 
analytical  criterion  of  single  mode  lasing  in  stable  resonators.  This  criterion  takes  into 
account  bulkiness  of  the  active  medium,  the  case  of  uneven  distribution  of  small  signal 
gain,  and  large  excess  above  the  threshold. 

The  most  important  fact,  following  from  the  criterion,  is  that  permissible  excess  of 
threshold  is  defined  by  the  difference  of  losses  for  hollow  cavity  modes  TEMoo  and 
TEMoi. 

The  analysis  of  multiple-mode  lasing  is  relatively  difficult  and  is  not  of  interest  for 
developers  of  lasers  with  low  divergence. 


5.  Some  examples 

In  this  section  one  can  find  examples  of  how  knowledge  of  elementary  resonator  theory 
can  save  time  and  help  to  develop  resonators  for  lasers  of  new  types. 
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5.1  WAVE-GUIDE  SLAB  RESONATORS 

A  major  problem  in  resonator  design  for  CO2  slab-wave-guide  lasers  is  to  ensure  low 
divergence  in  lateral  direction  for  which  Fresnel  Number  Nfr  »  1000.  For  this  reason, 
emplo5mient  of  an  unstable  resonator  is  an  obvious  idea.  At  the  same  time,  positive- 
branch  unstable  resonators  of  low  magnification  exhibit  very  high  sensitivity  to 
misalignments  of  mirrors.  The  knowledge  of  this  fact  opens  an  opportunity  to  overcome 
this  disadvantage  by  employment  of  a  negative  branch  unstable  resonator,  making  the 
idea  commercial. 

Another  question  that  may  arise  is  the  beam  quality  in  transverse  (wave-guide)  direction. 
Usually,  the  size  of  the  gap  between  electrodes  is  about  1  -  2  mm,  and  lasing  is 
automatically  single-mode  in  transverse  direction.  However,  there  may  be  a  necessity  to 
analyze  mode  properties  in  wave-guide  direction  when  considering  optimal  conditions  of 
launching  the  radiation  into  the  gap  (distances  between  wave-guide  and  mirrors, 
curvatures  of  external  mirrors,  and  so  on). 


The  usual  way  to  analyze  this  problem  is  to  use  the  multiple-mode  (about  10  modes) 
matrix  calculations  ,  based  on  a  set  of  hollow  wave-guide  modes.  At  the  same  time, 
however,  in  a  typical  CO2  laser  there  is  a  distributed  negative  lens  inside  the  gap  caused 
by  the  temperature  difference  between  the  central  region  of  discharge  and  the  wave¬ 
guide  walls.  This  may  significantly  change  the  properties  of  wave-guide  modes,  taking 
away  the  validity  of  such  “hollow-wave-guide”  multiple-mode  analysis. 
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5.2  RESONATOR  FOR  A  WAVE-GUIDE  LASER  WITH  AN  ANNULAR  CROSS 
SECTION 

We  shall  briefly  discuss  now  a  resonator  arrangement  has  which  never  been  employed 
and,  probably,  will  never  be  employed  in  a  real  laser,  but  provides  us  with  an  example  of 
how  ideas  can  be  transferred  from  one  case  to  another. 

Let  us  consider  a  wave-guide  (for  a  CO2  laser)  which  is  a  coaxial  wave-guide  with  a  gap 
width  of  about  1-2  mm,  diameter  of  about  20  cm  and  length  of  about  100  cm. 

The  idea  of  so-called  Talbot  resonators  is  well  known  for  the  set  of  rectangular  wave 
guides  or  for  the  slab  ones.  It  can  be  shown  that  properties  of  plane  waves  existing  in 
lateral  direction  of  slab  wave-guides  are  very  similar  to  that  of  helical  waves  in  tangential 
direction  in  coaxial  wave-guides.  The  understanding  of  this  fact  makes  it  possible  to 
calculate  the  parameters  of  possible  Talbot  resonator  design  for  the  lasers  with  coaxial 
wave-guides  It  also  allows  to  save  time  and  money  on  the  experimental  stage  of  the 
work,  for  one  can  wait  for  the  first  successful  implementation  of  the  idea  in  the  case  of  a 
slab  wave-guide  laser. 


5.3  RESONATORS  WITH  A  LARGE  EFFECTIVE  LENGTH 

The  understanding  of  the  fact  that  mode  competition  is  determined  by  differences  of 
losses  for  different  modes,  allowed  Prof  Anan’ev  with  his  coworkers  to  suggest  a 
very  effective  resonator  to  ensure  low  beam  divergence.  Fig.  8  from 
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Fig.  8 

Low  Fresnel  Number  of  this  resonator  is  determined  by  the  existence  of  a  narrow  part 
after  the  telescope. 


5.4  RESONATOR  WITH  A  LARGE  EFFECTIVE  LENGTH  FOR  LASERS  WITH 
ANNULAR  CROSS  SECTION 

Let  us  see  how  the  same  idea  can  be  applied  in  a  completely  different  situation.  We  shall 
now  consider  resonators  with  an  annular  cross  section. 
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Fig.  9 


First,  we  want  to  transform  the  annular  cross  section  into  a  continuous  one  to  have  the 
region  where  we  can  place  the  optical  axis.  Fig.  9. 


Fig.  10 

At  the  same  time  we  intend  to  transform  the  type  of  polarization  which  is  suitable  for  an 
annular  region  (tangential  or  radial)  to  polarization  which  can  exist  in  a  single-mode 
laser,  i.e.  to  the  linear  one.  Arrangement  that  can  solve  both  tasks  (and  can  work  as  a 
telescope  in  a  resonator  with  a  large  effective  length)  is  depicted  in  Fig.  11.  This  is  a 
telescope  formed  by  conical  and  parabolic  reflectors  which  convert  half  of  the  annular 
cross  section  into  the  rectangular  one  with  the  simultaneous  transformation  of 
polarization  type. 
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5.5  A  SIMPLE  ANALOGUE  OF  A  RESONATOR  WITH  SPATIAL  FILTERING 


Fig.  13 

The  well  known  resonator  with  spatial  filtering  is  depicted  in  Fig.  13,  a.  Very 
simple  considerations  allowed  Prof.  Anan’ev  and  Dr.  Solov’ev  to  find  a  more  convenient 
analogue  of  such  resonator  The  idea  is  that  if  we  place  a  flat  mirror  in  a  focal  plane  of 
the  spherical  one,  the  beam  incident  on  the  flat  mirror  is  the  Fourier  transform  of  the 
beam  reflected  fi-om  it.  This  means  that  for  a  fairly  small  flat  mirror  we  shall  have  a  wide 
and  smooth  distribution  of  the  complex  amplitude  for  the  incident  wave.  In  such  a 
manner,  we  can  get  the  property  of  spatial  filtering  in  a  very  simple  Half-Confocal 
Resonator  shown  in  Fig.  13,  b. 

5.6  UNSTABLE  RESONATOR  WITH  OPTICAL  REPEATERS 


fl  fl  f2  fl  f2 


Fig.  14 
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This  resonator  was  designed  for  multiple-pass  industrial  lasers  with  moderate  Fresnel 
Numbers  and  gain.  Positive-branch  unstable  resonators  are  usually  employed  in  such 
lasers.  Because  of  a  relatively  low  gain,  the  optimal  value  of  magnification  here  is  about 
1.1 -1.2.  Under  these  conditions,  positive-branch  unstable  resonators  are  highly  sensitive 
to  misalignments.  It  is  well  known  that  negative-branch  unstable  resonators  are  much 
less  sensitive  to  this  kind  of  aberrations.  However,  one  of  the  two  beams  inside  a  cavity 
has  a  long  waist,  resulting  in  high  radiation  loads  at  some  intermediate  mirrors.  Because 
of  this,  negative-branch  resonators  are  never  used  in  multiple-pass  arrangements. 

To  overcome  this  disadvantage,  a  resonator  with  optical  repeaters.  Fig.  14,  was 
designed  This  arrangement  is  not  only  less  sensitive  to  misalignments  than  a  usual 
negative  branch  resonator,  but  also  has  a  bigger  Fresnel  Number,  reducing  useless  loss 
of  energy  due  to  diffraction  wings  typical  for  unstable  resonators  with  low  Fresnel 
numbers. 

6.  Conclusions 

As  I  was  trying  to  illustrate  in  this  paper,  knowledge  of  the  resonator  theory  does  not 
give  immediate  tools  to  design,  analyze  or  simulate  laser  resonators.  However,  it  is 
necessary  for  efficient  work  at  every  one  of  those. 

This  knowledge  provides  us  with  an  ability 

-  to  chose  the  right  methods  of  analysis, 

-  to  define  frameworks  of  their  practicality  in  order  to  avoid  investigating  the 
mathematical  model  instead  of  the  real  device, 

-  to  verify  results  of  any  complicated  calculations  by  means  of  simple  estimations. 

In  addition,  the  conversance  with  literature  gives  us  an  opportunity  to  transfer  technical 
solutions  from  well  known  situations  into  new  ones. 
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1.  Introduction 

One  of  the  basic  tenets  of  quantum  mechanics  is  that  physical  observables  are 
represented  mathematically  by  hermitian  operators  [1].  The  eigenfunctions  of 
these  operators  can  then  be  used  as  a  complete  set  of  “normal  modes”  in  terms  of 
which  the  classical  or  quantum  dynamics  of  such  systems  can  be  fully  described 
[2].  Expanding  the  state  of  a  system  in  terms  of  its  eigenmodes  is  perhaps  the 
most  common  analytical  technique  used  in  physics,  and  laser  researchers  make 
extensive  use  of  its  basic  properties  and  consequences. 

It  has  been  understood  for  many  years,  however,  that  the  operators  which 
describe  open-sided  optical  resonators  and  waveguides  are  not  in  general  hermitian 
or  self-adjoint  [3 — 8] ,  and  that  as  a  consequence  the  eigenmodes  of  laser  cavities 
are  in  general  not  orthogonal  to  each  other  in  the  usual  sense  [9,10].  The  familiar 
hermite-gaussian  modes  of  stable  optical  resonators  and  the  confined  modes  in 
metallic  waveguides  and  in  index-guided  fibers  are  in  general  nearly  orthogonal 
and  behave  in  the  fashion  usually  associated  with  normal  modes  in  standard  laser 
theory.  The  confined  or  guided  modes  associated  with  unstable  optical  resonators 
and  with  loss-  or  gain-guided  optical  systems  such  as  gain-guided  semiconductor 
diode  lasers  are,  on  the  other  hand,  highly  nonorthogonal  in  character.  These 
systems  still  have  clearcut  propagation  eigenmodes,  but  because  the  governing 
operators  are  not  hermitian  these  eigenmodes  are  no  longer  power-orthogonal  to 
each  other  in  the  usual  sense. 

The  eigenmodes  of  these  laser  resonators  are  therefore  not  “normal  modes” 
in  the  usual  sense  of  this  term.  It  may  not  be  widely  realized,  however,  just  how 
abnormal  these  laser  cavity  modes  can  in  fact  be  for  certain  widely  used  optical 
resonators  and  waveguides.  The  loss  of  conventional  orthogonality  in  fact  leads  to 
a  variety  of  unexpected  and  unusual  physical  and  mathematical  properties  in  such 
resonators.  These  unexpected  properties  include: 
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1.  The  familiar  Rayleigh-Ritz  variational  procedure  for  estimating  eigenvalues 
can  no  longer  be  relied  upon  in  such  systems. 

2.  The  nonorthogonality  of  the  modes  complicates  if  not  eliminates  the  con¬ 
ventional  approach  of  second  quantization  for  laser  cavity  modes  and  thus 
muddies  the  entire  concept  of  photons  in  nonorthogonal  laser  cavities. 

3.  As  described  later  in  this  paper,  it  turns  out  that  one  can  achieve  an  excess 
coupling  of  input  energy  into  individual  eigenmodes,  putting  more  energy  in 
one  given  mode  than  into  the  resonator  as  a  whole,  through  so-called  adjoint 
coupling. 

4.  Quantum  noise  analyses  predict  that  there  will  be  a  sizable  excess  quantum 
noise  or  excess  spontaneous  emission  from  laser  atoms  into  the  oscillating 
modes  of  these  nonorthogonal  systems.  One  consequence  of  this  excess  emis¬ 
sion  is  a  sizable  increase  in  the  Schawlow-Townes  linewidths  of  laser  oscillators 
employing  biorthogonal  modes,  a  prediction  that  has  only  recently  been  ex¬ 
perimentally  verified. 

5.  Finally,  the  loss  of  orthogonality  also  leads  to  a  significant  modification  in 
the  way  minimum-error  eigenmode  expansions  must  be  carried  out  in  such 
nonhermitian  systems,  as  we  will  discuss  in  some  detail  in  this  paper. 

In  the  remainder  of  this  paper  we  will  review  the  basic  theory  of  optical  res¬ 
onator  modes  including  their  nonhermitian  or  nonorthogonal  properties,  and  then 
describe  in  more  detail  several  of  the  unusual  mode  properties  that  arise  in  non¬ 
hermitian  or  nonorthogonal  unstable  resonators  and  gain-guided  systems. 


2.  Optical  Resonator  Analysis 

As  a  starting  point,  let  us  briefly  review  the  theory  of  optical  resonator  modes 
[11,12].  In  virtually  all  practical  cases  one  can  determine  the  transverse  modes 
of  an  optical  resonator  either  by  following  an  optical  wave  through  one  round 
trip  inside  the  laser  cavity,  starting  from  and  returning  to  an  arbitrary  reference 
plane,  or  by  following  the  same  wave  as  it  propagates  through  one  period  of  an 
periodically  iterated  lensguide  having  the  same  optical  elements  in  each  period. 
The  transverse  modes  of  the  resonator  or  of  the  equivalent  lensguide  are  the  same, 
but  it  can  often  be  easier  to  envision  the  behavior  of  the  lensguide. 

Figure  1  shows,  for  example,  one  period  of  the  lensguide  corresponding  to  a 
typical  ring-type  unstable  optical  resonator.  The  solid  and  dashed  lines  in  this 
figure  show  schematically  the  outer  boundaries  of  the  forward  and  reverse  propa¬ 
gating  eigenwaves  along  this  lensguide;  these  eigenwaves  correspond  to  the  cavity 
modes  propagating  in  the  forward  or  reverse  direction  around  the  correspond¬ 
ing  ring  resonator.  Note  that  these  modes  occupy  substantially  different  volumes 
within  the  lensguide,  although  the  resonator  or  lensguide  will  still  have  exactly 
the  same  losses  and  phase  shift  in  either  direction.  Note  also  that  the  resonator 
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Figure  1.  Schematic  illustration  of  the  forward  or  right-propagating  eigen- 
modes  and  the  reverse  or  left-propagating  adjoint  (or  transpose)  eigenmodes 
in  a  typical  unstable  resonator. 

in  this  case  is  essentially  confocal  in  the  forward  direction,  but  not  in  the  reverse 
direction. 

Propagation  of  a  quasi  monochromatic  optical  wave  through  one  round  trip 
in  a  resonator  or  one  period  of  the  equivalent  lensguide  can  in  general  be  carried 
out  using  a  propagation  operator  £,  For  most  resonators  this  operator  will  involve 
primarily  the  use  of  Huygens  integral  to  carry  the  wave  through  the  free-space  or 
paraxial  sections  of  the  lensguide,  combined  with  the  effects  of  any  apertures  or 
other  nonparaxial  elements  within  the  cavity.  This  operator  will  then  have  a  set 
of  eigenfunctions  Un(x)  and  eigenvalues  7n  which  satisfy  the  eigenequation 

/lUn(3^}  —  7n  (^) 

including  the  boundary  conditions  of  the  resonator.  For  simplicity  we  write  only 
a  single  transverse  coordinate  x  and  mode  index  n;  real  resonators  will  of  course 
generally  have  two  transverse  coordinates  and  two  transverse  indices  and  must  be 
written  as  Unm 

In  physical  terms  Eq.  (1)  means  that  each  of  the  eigenfunctions  will  repro¬ 
duce  itself  exactly  in  form  after  one  round  trip  but  in  the  absence  of  laser  gain  will 
be  attenuated  by  a  power  attenuation  factor  |7n|^  <  1-  If  fh®  resonator  contains 
an  amplifying  laser  medium  whose  saturated  gain  just  balances  this  attenuation, 
however,  the  laser  cavity  can  potentially  oscillate  in  steady-state  fashion  in  any  of 
the  eigenmodes  These  eigenmodes  are  thus  the  natural  or  physical  oscillation 
modes  of  the  resonator  when  used  as  a  laser  oscillator.  As  a  practical  matter  gain 
competition  effects  will  often  mean  that  only  the  lowest-loss  eigenmode  uq  actually 
oscillates,  although  steady-state  oscillation  in  higher-order  eigenmodes  can  also  be 
obtained  by  various  tricks.  The  laser  cavity  will  automatically  select  its  oscillation 
frequencies  so  as  to  compensate  for  the  phase  angle  of  the  eigenvalue  jn  by  os¬ 
cillating  in  one  or  more  axial-transverse  mode  frequencies  u;qn  such  that  the  total 
round-trip  phase  shift  is  an  integer  multiple  of  27r,  i.e., 

^7^  +  arg[7„]  =  qx2Tr 


(2) 
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where  p  is  the  round-trip  optical  path  length  and  q  is  the  (typically  very  large) 
axial  mode  integer. 

The  classic  procedure  for  finding  the  lowest-loss  eigenmode  of  Eq.  (1)  is  the 
iterative  numerical  method  pioneered  by  Fox  and  Li  [13].  To  implement  the  Fox 
and  Li  method  one  simply  applies  the  propagation  operator  C  repeatedly  to  an 
arbitrary  input  function  w(a:),  raising  the  mode  amplitude  back  up  to  some  arbi¬ 
trary  value  after  each  round  trip,  until  the  higher-loss  modes  are  stripped  out  and 
only  the  lowest-loss  mode  Uq  remains.  Other  methods  for  finding  the  lowest  and 
higher-order  eigenmodes  either  analytically  or  numerically  include  matrix  diago- 
nalization  [14],  the  Prony  method  [15],  anal3d:ical  approximations  [16],  and  various 
more  sophisticated  analytical  approaches  [8,11,12]. 

The  crucial  point  for  this  discussion  is  that  for  most  open-sided  resonators 
or  lensguides  such  as  are  commonly  employed  in  practical  lasers,  the  operator  C 
is  not  in  fact  a  hermitian  operator  and  cannot  easily  be  made  so,  if  indeed  this 
can  be  done  at  all.  That  is,  the  operators  C  that  describe  nearly  all  real  laser 
cavities  will  not  satisfy  the  hermitian  requirement  that  C  ~  C)  =  where 

indicates  the  hermitian  conjugate  or  hermitian  adjoint  operator,  indicates 
transposition  of  variables,  and  /I*  indicates  ordinary  complex  conjugation.  This 
lack  of  hermitian  conjugation  can  be  observed  most  directly  by  noting  that  the 
kernel  of  the  Huygens  integral  for  free-space  propagation  has  the  general  form 
e-xp[—j{TT ! z\){x2  —  xi)^]  which  is  complex  symmetric  but  not  hermitian. 

Given  that  the  Huygens  integral  used  in  these  calculations  is  an  exact  solution 
to  the  paraxial  wave  equation,  and  the  paraxial  wave  equation  in  turn  is  thoroughly 
hermitian,  one  may  wonder  how  the  resonator  operators  become  nonhermitian. 
The  answer  is  that  the  more  strongly  nonhermitian  resonators  such  as  the  unstable 
optical  resonator  shown  in  Figure  1  have  significant  amounts  of  energy  passing  out 
the  sides  or  past  the  end  mirrors  of  the  resonator  and  continuing  on  out  to  infinity. 
As  a  result,  although  the  wave  equation  is  fully  hermitian  the  boundary  conditions 
on  the  problem  are  not,  with  the  consequence  that  the  Huygens  integral  operator 
C  for  the  problem  becomes  nonhermitian.  As  another  consequence,  there  does 
not  seem  to  be  any  easy  way  to  apply  the  familiar  concepts  of  periodic  boundary 
conditions  or  box  normalization  in  three-dimensional  space  to  these  nonorthogonal 
or  unstable  resonator  problems. 

An  immediate  and  worrisome  consequence  of  nonhermiticity  is  the  loss  of  any 
formal  or  rigorous  guarantee  that  the  set  of  eigenmodes  envisioned  in  Eq.  (1)  may 
even  exist  for  certain  resonators.  In  fact,  formal  proofs  of  the  existence  of  a  general 
set  of  eigenmodes  for  Eq.  (1)  have  only  been  given  for  a  small  subset  of  the  general 
class  of  laser  resonators.  As  a  practical  matter,  however,  numerical  calculations 
based  on  Eq.  (1)  always  seem  to  converge  to  reasonable  and  repeatable  sets  of 
eigenmodes  for  practical  resonators  of  all  sorts,  and  real  lasers  appear  to  have  no 
trouble  in  finding  stationary  sets  of  eigenmodes  in  which  to  oscillate. 

Perhaps  the  most  important  physical  consequence  of  nonhermiticity,  however, 
is  the  fact  that  the  eigenmodes  of  Eq.  (1),  even  if  they  exist,  will  in  general  not 


33 


be  power-orthogonal  in  the  usual  sense.  For  example  if  we  define  an  orthogonality 
matrix  M  having  coefficients  Mnm  given  by 


Mr, 


=/: 


ul^{x)Um{x)dx 


(3) 


we  can  always  scale  or  normalize  the  eigenmodes  so  that  the  diagonal  elements  of 
this  matrbc  are  unity,  i.e.  =  1.  The  diagonal  elements  of  this  matrix  will 

in  general  not  be  zero,  however,  so  that  Mnm  ^  ^nm-  This  is  of  course  in  sharp 
contradiction  to  the  “normal  mode”  character  of  more  familiar  eigensystems. 

The  mode  amplitudes  in  laser  cavities  thus  represent  clearly  measurable  physi¬ 
cal  observables  which  are  not  described  by  or  equivalent  to  any  hermitian  operator. 
The  properties  of  physical  systems  governed  by  nonhermitian  operators  are  not 
widely  discussed  in  the  physics  literature  or  in  most  classrooms.  It  can  be  shown 
however  [1,17,18]  that  if  the  operator  £  has  a  set  of  eigenmodes  as  in  (1),  then  the 
hermitian  adjoint  will  have  a  set  of  adjoint  eigenmodes  such  that 


£^U7i(x)  —  'y^  Vnix^ 


(4) 


or  alternatively  the  transposed  operator  will  have  a  set  of  transpose  eigenmodes 
(l>n{x)  such  that 


=7n0n(x)  (5) 

where  the  eigenvalues  7^  in  both  cases  are  exactly  the  same  as  in  Eq.  (1).  These 
two  sets  of  eigenmodes  are  of  course  identical  except  for  complex  conjugation,  so 
that  either  the  adjoint  or  transposed  eigenmodes  Vn{x)  or  (l>n{x)  can  be  used  in 
the  following  discussion.  There  is  some  merit  to  using  the  transposed  eigenmodes 
<j)n{x)  in  optical  resonator  discussions  because  it  can  be  shown  that  these  modes 
directly  represent  the  reverse  or  backward-propagating  eigenmodes  in  a  ring  res¬ 
onator  or  lensguide,  as  illustrated  for  example  by  the  dashed  boundary  lines  in 
Figure  1.  It  can  then  be  shown  [9,10]  that  the  eigenmodes  Un{x)  and  the  adjoint 
or  transposed  eigenmodes  Vn{x)  or  <t>n(x)  of  such  a  system  will  be  biorthogonal  to 
each  other  in  the  sense  that 

/oo  roo 

Vn{x)  Um{x)  dx  =  I  <j>n{x)  Um{x)  dx  =  6nm  •  (6) 

oo  J — oo 

It  can  also  be  useful  to  define  an  orthogonality  matrix  K  for  the  transpose  or 
adjoint  modes  with  coefficients  Knm  given  by 

/oo  poo 

Vn(x)Vm{x)dx=  (j>n{x)(l>*^{x)dx  .  (7) 

-oo  J -OO 

For  properly  normalized  eigensystems  with  Mnn  =  1,  it  can  be  shown  from  Eqs.  (3) 
and  (6)  that  the  diagonal  elements  of  the  K  matrix  will  all  be  greater  than  unity, 
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or  Knn  >  1  for  all  n.  In  physical  terms  these  diagonal  elements  Knn  represent 
excess  coupling  factors  or  excess  noise  factors  for  the  eigenmodes  Un  [19].  The  off- 
diagonal  terms,  which  in  general  also  obey  Knm  ^  0,  represent  cross-correlations 
between  the  thermal  or  quantum  noise  emitted  into  different  eigenmodes  [20,21]. 


3.  Energies  per  Mode,  and  Photons 

One  of  the  most  significant  consequences  of  mode  nonorthogonality  is  a  consider¬ 
able  muddying  of  the  concepts  of  the  energy  or  power  in  a  single  cavity  mode  and, 
indirectly,  of  the  whole  basic  concept  of  photons.  Suppose  the  oscillating  electric 
field  in  a  laser  cavity  consists  of  the  superposition  of  some  finite  number  of  cavity 
eigenmodes,  so  that 


N 

E(x)  =  ^  ^  *  ,  (8) 

n=0 

If  the  eigenmodes  themselves  are  normalized  as  discussed  above  and  the  E  field  is 
expressed  in  suitably  normalized  units,  the  total  energy  in  the  laser  resonator  (or 
alternatively  the  power  flow  along  a  lensguide)  can  be  written  as 

/oo  N 

\E{x)\^  dx  =  Y^  •  (9) 

°°  n=0  n^m 

The  first  summation  in  the  final  part  of  this  equation  can  be  understood  as  a  sum 
over  the  energies  per  mode  in  the  cavity,  assuming  that  each  mode  is  normalized 
so  that  /  |u„(a:)|  dx  represents  unit  energy.  The  additional  terms  forn  ^  m  are 
however  no  longer  zero  in  the  nonorthogonal  case;  they  represent  non-zero  “cross¬ 
powers”  or  “cross  energies”  between  different  modes.  More  detailed  examination 
then  shows  that  the  energies  in  individual  modes  in  such  a  cavity  can  be  greater 
than  the  total  energy  in  the  cavity,  with  the  difference  being  made  up  by  negative 
values  of  the  cross-power  terms. 

The  standard  technique  for  quantizing  the  electromagnetic  fields  in  a  laser 
cavity  is  the  method  of  second  quantization  [22]  in  which  the  mode  coefficients  Cn 
and  c*  are  replaced  by  quantum  creation  and  annihilation  operators  and 
and  the  energy  expression  of  Eq.  (9)  is  converted  to  a  hamiltonian  of  the  form 

N 

^  ^  V  ^nP"ri  ^  ^  ^y/^qn^qm  •  (^9) 

n=0  n/m 

If  the  modes  are  orthogonal,  only  the  first  summation  remains,  and  this  hamilto¬ 
nian  can  then  be  interpreted  as  the  superposition  of  a  set  of  independent  simple 
harmonic  oscillators,  one  for  each  cavity  mode.  The  number  of  photons  in  a  given 


35 


cavity  mode  can  then  be  interpreted  as  the  number  of  quanta  of  excitation  of 
the  associated  simple  harmonic  oscillator  [23] ,  and  the  photon  statistics  and  other 
quantum  properties  of  the  cavity  fields  can  be  worked  out  using  well-known  sim¬ 
ple  harmonic  oscillator  and  second-quantization  methods.  With  nonorthogonal 
modes,  however,  it  appears  that  that  this  simple  technique  of  second  quantization 
is  no  longer  feasible,  and  the  idea  of  a  photon  as  representing  a  single  quantum 
of  excitation  in  a  given  cavity  mode  is  no  longer  obvious.  Indeed,  in  some  sense 
it  might  be  argued  that  we  now  have  “lasers  without  photons”  [24]  or  at  the  least 
there  is  no  simple  or  obvious  way  to  handle  the  quantization  of  the  fields  in  such 
lasers. 


4.  Matched  Coupling  and  Adjoint  Coupling 

Considerable  insight  into  the  unusual  properties  of  strongly  nonorthogonal  optical 
systems  such  as  unstable  resonators  or  gain-guided  ducts  can  be  obtained  by  con¬ 
sidering  the  difference  between  matched  coupling  and  adjoint  coupling  into  such 
systems,  as  we  will  now  do. 

It  is  convenient  to  use  as  a  model  for  examining  these  concepts  an  unsta¬ 
ble  lensguide  consisting  of  periodically  iterated  divergent  lenses  combined  with 
variable-transmission  apertures  as  shown  in  the  upper  sketches  of  Figures  2  and 
3.  The  apertures  shown  in  Figures  2  and  3  can  be  hard-edged  openings  in  which 
case  the  periodic  lensguide  will  correspond  to  a  conventional  hard-edged  unstable 
resonator  and  will  have  the  complicated  diverging  eigenmode  profiles  character¬ 
istic  of  such  resonators,  or  they  can  be  smooth  gaussian  variable-transmission 
apertures  in  which  case  the  modes  at  any  plane  within  the  periodic  system  will 
be  complex- valued  hermite-gaussian  modes  with  the  same  basic  properties  as  the 
hermite-gaussian  modes  of  continuously  loss-  or  gain-guided  systems  [25-27].  The 
basic  physics  is  the  same  in  either  case. 

The  upper  sketch  in  Figure  2  illustrates  conventional  “matched  coupling” 
in  which  the  amplitude  and  phase  profile  of  the  input  wave  is  adjusted  to  match 
exactly  the  lowest-order  (or,  potentially,  some  higher-order)  eigenmode  of  the  lens- 
guiding  system  at  the  input  plane.  The  lower  plot  shows  how  the  intensity  of  this 
injected  wave  will  decrease  with  distance,  depending  upon  whether  the  injected 
wave  is  shaped  to  put  all  of  its  energy  into  the  lowest-order  n  =  0  mode  or  into 
some  higher-order  and  higher-loss  eigenmode.  The  straight  lines  on  the  log  plot 
represent  of  course  exponential  decay  with  distance  for  different  eigenmodes  in 
such  a  system. 

Figure  3  illustrates  the  contrasting  case  of  “adjoint  coupling”  into  the  same 
lensguide.  In  this  case  the  input  wave  is  matched  in  amplitude  and  phase  to  the 
adjoint  of  the  lowest-order  eigenmode  of  the  system  at  the  input  plane.  From  a 
physical  viewpoint,  the  important  feature  is  that  the  input  wave  is  injected  such 
that  it  is  initially  converging  inward  toward  the  lower-loss  (or  alternatively  the 
higher-gain)  region  on  the  axis  of  the  system.  The  injected  wave  thus  travels 
through  the  first  few  periods  of  the  system  with  substantially  smaller  attenuation 
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Figure  2.  Upper  sketch:  Matched  coupling  into  the  lowest-order  (or  perhaps 
some  higher-order)  mode  of  a  geometrically  unstable  lensguide.  Lower  sketch: 
Total  power  in  the  wave  (on  a  log  scale)  as  a  function  of  distance  if  the  input 
wave  is  matched  into  one  or  another  of  the  three  lowest-loss  eigenmodes, 

than  the  loss  rates  for  any  of  the  propagating  eigenmodes  of  the  system,  including 
the  lowest  loss  mode.  The  demagnifying  properties  of  the  geometrically  unstable 
lensguide  insure  that  the  wave  continues  to  demagnify  by  a  fixed  ratio  in  each 
successive  period. 

As  the  converging  wave  travels  down  the  system,  however,  it  eventually  be¬ 
comes  small  enough  that  diffraction  spreading  becomes  important  and  the  wave 
begins  to  diverge  back  outward.  As  it  spreads,  it  begins  to  suffer  increasing  loss 
from  the  periodic  apertures  and  eventually  is  shaped  into  the  lowest-loss  eigen¬ 
mode  of  the  system.  In  modal  terms  the  adjoint-coupled  input  wave  at  the  input 
plane  must  excite  a  mixture  of  the  lowest-order  and  higher-order  eigenmodes  of 
the  system.  As  these  modes  propagate  along  the  system,  the  higher-order  and  thus 
higher-loss  eigenmodes  are  gradually  stripped  away,  leaving  only  the  lowest-order 
eigenmode  at  a  sufficiently  large  distance  along  the  system. 

The  lower  portion  of  Figure  3  illustrates  graphically  how  the  lowest-order 
eigenmode  at  large  distances  can  be  extrapolated  back  to  an  initial  value  which 
actually  carries  more  power  or  energy  than  is  in  the  input  wave  at  this  same  point. 
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Figure  3.  Upper  sketch:  Adjoint  coupling  into  the  lowest-order  mode  of  a 
geometrically  unstable  lensguide.  Lower  sketch:  Total  power  in  the  wave  as 
a  function  of  distance.  The  lower  sketch  illustrates  the  greater  than  unity 
excitation  of  the  lowest-loss  eigenmode  that  results  from  adjoint  coupling. 

In  modal  terms,  this  is  a  linear  propagation  system  in  which  the  adjoint  coupling 
excites  the  n  =  0  eigenmode  at  the  input  plane  with  more  power  than  is  in  the  input 
function  f{x).  At  the  same  time  the  input  function  also  excites  other  higher-order 
eigenmodes  with  amplitudes  that  are  also  ^  0  for  n  >  0.  The  apparent  paradox 
that  more  initial  power  or  energy  goes  into  the  txo  mode  than  is  contained  in  the 
initial  input  wave  /,  not  to  mention  the  additional  energy  going  into  higher-order 
modes,  is  compensated  for  by  the  negative  “cross-power”  terms  between  the  modes 
that  result  from  the  nonorthogonality  of  the  eigenmodes.  This  concept  of  adjoint 
coupling  is  of  substantial  practical  importance  for  the  optimum  injection  locking 
or  injection  seeding  of  unstable  optical  resonators  with  an  external  signal  [28 — 30]. 


5.  Gain-Guided  Ducts  and  Complex- Valued  Hermite-Gaussian  Modes 

Let  us  now  consider  a  specific  non-hermitian  system  for  which  the  nonorthogonal 
eigenmodes  can  be  written  out  analytically.  The  propagating  modes  in  loss-guided 
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Figure  4.  Schematic  illustration  of  a  loss-  or  gain-guided  duct  and  the  lowest- 
order  gaussian  mode  that  can  propagate  along  it 

optical  waveguides  or  ducts  provide  a  physically  simple  and  analytically  solvable 
example  of  such  a  non-self-adjoint  optical  system.  We  consider  a  two-dimensional 
waveguide  having  transverse  variations  for  both  the  refractive  index  n(x)  and  the 
gain  or  loss  coefficient  g(x)  across  the  waveguide  in  the  form 

n(x)  =  no  -  and  g(x)  =  go  -  (11) 

as  illustrated  schematically  in  Figure  4.  Note  that  go  >  0  will  correspond  to  on- 
axis  amplification  and  po  <  0  to  on-axis  attenuation,  but  that  ^2  >  0  corresponds 
to  transverse  loss  or  gain  guiding  in  either  case. 

The  eigenmodes  for  such  a  waveguide  are  then  given  within  reasonable  parax¬ 
ial  approximations  by  the  complex- valued  hermite-gaussian  functions  [25 — 27] 

Un(x)  =  Uno  ffn(ax)  exp[-a^a:^/2]  (12) 

where  is  the  Hermite  polynomial  of  order  n  and  the  “gaussian  scale  factor”  a 
appearing  in  these  solutions  is  a  generally  complex-valued  parameter  given  by 

„  /27ry/V  .Ao 

W  (13) 

The  normalization  coefficient  Uno  in  Eq.  (12)  can  be  chosen  to  be  purely  real  and 
to  make  the  diagonal  elements  of  the  M  matrix  unity. 

A  system  of  this  type  having  pure  index  guiding,  or  ^2  >  0  and  g2  =  0,  will 
lead  to  a  purely  real  value  of  a  and  to  the  purely  real  hermite-gaussian  index-guided 
modes  which  are  familiar  in  graded-index  optical  fibers  and  some  index-guided 
diode  laser  stripes.  These  purely  real  hermite-gaussian  eigenmodes  are  well  known 
to  provide  a  complete  and  power-orthogonal  set  of  functions  which  are  widely  used 
in  optics,  quantum  theory,  and  other  branches  of  physics. 

Examination  shows,  however,  that  positive  values  for  the  loss-guiding  coef¬ 
ficient  or  g2  >  0,  in  combination  with  either  positive  or  negative  values  for  the 
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Figure  5.  Ji-ansverse  amplitude  profiles  of  the  6  lowest-order  complex-valued 
hermite-gaussian  functions  Un(x)  for  the  purely  real  case  6  =  0  and  the 
complex-valued  cases  6  =  10  and  20  degrees. 


index-guiding  coefficient  7i2,  will  also  produce  confined  or  finite-energy  propagat¬ 
ing  modes  in  loss-guided  or  gain-guided  optical  systems  [27,31].  If  the  d  parameter 
is  separated  into  real  and  imaginary  parts  a  =  +  jai,  the  allowed  values  of  d 

such  that  the  eigenfunctions  will  die  out  to  zero  as  x  becomes  large  are  limited 
to  the  first  octant  in  the  complex  [a^-,  ai]  plane,  and  thus  the  upper  half  plane  in 
the  [712^92]  plane,  omitting  the  negative  n2  axis.  In  physical  terms  these  complex 
hermite-gaussian  modes  remain  confined  for  systems  in  which  the  loss  guiding  due 
to  ^2  >  0  is  accompanied  by  arbitrary  amounts  of  either  positive  index  guiding 
(n2  >  0)  or  negative  index  anti-guiding  {712  <  0).  The  magnitude  of  the  d  param¬ 
eter  moreover  amounts  simply  to  a  transverse  scaling  of  the  x  coordinate.  It  is 
then  convenient  for  numerical  calculations  to  set  this  scaling  factor  equal  to  unity 
and  write  the  d  parameter  as  simply 

d  =  exp[jO]  (14) 

where  0  <  0  <  7r/4  for  confined  and  perturbation-stable  modes. 

To  give  some  insight  into  the  behavior  of  the  hermite-gaussian  modes  as 
d  becomes  complex,  Figure  5  plots  the  amplitude  profiles  of  the  6  lowest-order 
complex- valued  hermite-gaussian  functions  for  values  of  0  =  0,  10  and  20  degrees. 
In  comparison  to  the  purely  real  hermite-gaussians,  the  complex- valued  hermite- 
gaussians  for  ^  >  0  no  longer  have  exact  nulls  along  the  real  axis,  and  the  outermost 
lobes  of  the  higher-order  eigenfunctions  become  more  strongly  emphasized  as  the 
angle  0  increases.  The  complex  scale  factor  in  the  Hermit e  polynomials  also  means 
that  the  phase  fronts  of  these  functions  are  no  longer  exactly  quadratic  for  modes 
with  n  >  2,  as  will  be  illustrated  later  on. 
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Figure  6.  Schematic  illustration  of  adjoint  coupling  of  the  lowest-order  gaussian 
adjoint  function  into  a  loss-  or  gain-guided  wave-propagating  system. 

The  transition  to  complex  values  of  the  scale  factor  a  means  that  the  complex¬ 
valued  hermite-gaussian  eigenmodes  are  no  longer  orthogonal  and  thus  require  the 
introduction  of  an  adjoint  set  of  functions.  In  the  hermite-gaussian  case  these 
adjoint  functions  Vn{x)  are  in  essence  just  the  complex  conjugates  of  the  eigen¬ 
functions  Un{x),  or 


Vn{x)  =  VnoHn{d* x)  exp[~d*'^x^ /2]  .  (15) 

In  the  optical  waveguide  example  these  adjoint  functions  correspond  physically 
to  the  complex  conjugates  of  the  eigenmodes  propagating  in  the  reverse  direction 
along  the  same  optical  system.  Normalization  of  the  eigenmodes  Un  as  discussed 
in  connection  with  Eq.  (3),  combined  with  biorthogonality  between  the  and  Vn 
as  in  Eq.  (6)  requires,  however,  that  the  adjoint  functions  have  different  (and  gen¬ 
erally  larger)  normalization  coefficients  Vno  than  do  the  eigenmodes  Analytic 
formulas  for  the  normalization  coefficients  Uno  and  Vno  and  the  matrix  elements  of 
the  M  and  K  matrices  for  these  complex-valued  hermite-gaussian  functions  can 
be  obtained  in  terms  of  Legendre  and  associated  Legendre  functions  [31]. 


6.  Adjoint  Coupling  to  a  Gain-Guided  Duct 

We  will  explore  in  the  remainder  of  this  paper  the  numerical  results  that  we  ob¬ 
tained  in  exploring  adjoint  coupling  into  a  loss-guided  duct  using  these  complex¬ 
valued  hermite-gaussian  eigenmodes.  A  case  of  particular  physical  interest  is  ad¬ 
joint  coupling  from  the  lowest-order  adjoint  mode  into  the  lowest  and  higher-order 
eigenmodes  of  a  loss-guided  system  as  shown  schematically  in  Figure  6.  This  ex¬ 
ample  was  also  briefly  considered  some  years  ago  by  Anan’ev  and  Anikitchev 
[32].  In  this  example  one  injects  the  lowest-order  normalized  adjoint  mode 
f{x)  =  const  X  uo(a:)  into  the  system  and  attempts  to  expand  this  input  in  terms 
of  the  eigenmodes  Un{x)  of  the  system.  This  particular  input  is  recognized  in  the 
theory  of  adjoint  coupling  as  the  input  function  which  will  excite  the  lowest  eigen¬ 
mode  of  the  system  with  the  maximum  possible  amplitude  for  a  given  input  power 
or  energy.  In  physical  terms  this  means  injecting  a  gaussian  mode  with  a  spheri¬ 
cally  converging  or  concave  wavefront  in  the  manner  of  Figure  3  into  a  waveguide 
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n  =  2  eigenmode 


ywv 


n  =  0  eigenmode 


Figure  7,  Adjoint  coupling  into  the  gain-guided  duct  of  Figure  6  means  that 
the  concave-gaussian  input  function  in  the  upper  left  plot  is  to  be  expanded  in 
convex-valued  hermite-gaussian  eigenmodes  like  those  in  the  remaining  three 
plots,  shown  here  for  the  case  of0  =  6  degrees. 


or  duct  whose  lowest-order  eigenmode  is  a  gaussian  mode  having  an  intensity  pro¬ 
file  of  the  same  width  but  with  a  spherically  diverging  or  convex  wavefront  of  equal 
but  opposite  radius  of  curvature. 

The  mathematical  problem  is  then  to  expand  the  input  wave  f(x)  in  the  form 


/(x)  =  (16) 

n=0 

using  the  eigenfunctions  Un(x)  from  Eq.  (12).  In  mathematical  terms  one  is  at¬ 
tempting  to  expand  a  gaussian  input  profile  f(x)  with  a  concave  wavefront  as 
shown  in  the  upper  left-hand  plot  in  Figinre  7  in  terms  of  a  set  of  lowest  and 
higher-order  hermite-gaussian  functions  having  the  same  gaussian  spot  size  but 
oppositely  curved  or  convex  wavefronts,  as  shown  for  the  first  three  even-order 
eigenmodes  in  the  remainder  of  Figure  7.  We  will  henceforth  refer  to  these  eigen¬ 
modes  as  “convex”  rather  than  “diverging”  functions,  since  the  eigenmodes  do  not 
actually  diverge  in  size  as  they  propagate,  although  they  do  have  convex  wave- 
fronts  and  do  shed  some  energy  transversely  outward  as  the  wave  propagates.  Note 
also  that  the  higher-order  eigenmodes,  no  longer  have  exactly  spherical  wavefronts 
because  of  the  complex  argument  in  the  Hermite  polynomials. 

If  this  were  a  hermitian  system  one  could  simply  multiply  both  sides  of  (16) 
by  the  orthonormal  eigenfunctions  'U*(x)  and  integrate  to  obtain  the  expansion 
coefficients  in  the  form 


/oo 

fn{^)  • 

-oo 


(17) 
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Figure  8,  Amplitude  and  phase  profiles  for  an  adjoint-coupled  duct  given  by 
Snite  quadrature  expansions  using  increasing  numbers  of  terms  up  ton  =  N 
(solid  lines),  compared  to  the  amplitude  prohle  of  the  adjoint  input  function 
f{x)  (dashed  lines),  for  the  case  9  =  10  degrees. 


For  the  nonhermitian  case,  the  analogous  procedure  would  seem  to  be  to  multiply 
both  sides  of  Eq.  (16)  by  the  adjoint  functions  v:^{x)  and  use  the  biorthogonality 
relation  of  Eq.  (6)  to  obtain  the  expansion  coefficients  in  the  form 


[ocl 


vl{x)f{x)dx  . 


(18) 


We  will  refer  to  these  coefficients  as  the  quadrature  coefficients  for  the  biorthogonal 
case,  and  use  the  notation  to  refer  to  them.  The  overlap  integrals  needed  to 
evaluate  Eq.  (18)  for  the  loss  or  gain-guided  waveguide  example  can  be  obtained 
in  closed  form  in  terms  of  Legendre  functions  []31. 

These  quadrature  coefficients  were  used  to  carry  out  numerical 

evaluations  of  the  eigenfunction  expansion  of  Eq.  (16)  with  increasing  numbers  of 
terms  up  to  truncation  indices  n  =  N  for  the  adjoint-coupled  example  of  Figures  6 
and  7  using  different  values  of  the  complex  scale  factor  angle  9,  with  the  following 
instructive  results  [31].  The  calculations  were  performed  using  the  Mathematica 
program  on  various  Macintosh  computers.  Figure  8  shows,  for  example,  how  these 
quadrature  expansions  fit  the  input  amplitude  and  phase  profiles  for  the  case  of 
9  =  10  degrees  and  for  truncation  indices  up  to  TV  =  6.  For  this  value  of  9  the  input 
intensity  profile  is  already  fairly  accurately  fit  by  just  the  n  =  0  term,  but  higher- 
order  terms  are  needed  to  obtain  successively  better  fits  to  the  reversed  phase 
profile  of  the  input  function.  For  this  particular  value  of  as  well  as  other  values 
of  9  <  15  degrees,  the  quadrature  expansion  continues  to  converge  reasonable  well 
with  increasing  numbers  of  terms. 

As  a  second  example,  Figure  9  shows  how  similar  quadrature  expansions  com¬ 
pare  to  the  amplitude  profile  of  the  input  function  f(x)  for  an  increasing  number 
of  terms  using  the  quadrature  coefficients  with  9  =  16.36  degrees  and  truncation 
indices  up  to  =  20.  It  is  apparent  that  the  quadrature  expansion  converges 
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Figure  9.  Amplitude  protiles  given  by  Unite  quadrature  expansions  using  in¬ 
creasing  numbers  of  terms  up  to  N  =  20  (solid  lines)  compared  to  the  ampli¬ 
tude  profile  of  the  adjoint  input  function  f(x)  (dashed  lines)  for  the  case  of 
6  =  16.36  degrees. 


Figure  10.  Amplitude  profile  given  by  the  quadrature  expansion  truncated  at 
N  =  20  (solid  line)  compared  to  the  gaussian  input  function  (dashed  line), 
both  shown  on  a  log  scale,  for  the  case  of  0  =  20  degrees. 

quite  well  in  the  central  portion  of  f(x),  but  that  these  expansions  also  develop 
pronounced  outer  peaks  or  “ears”  on  both  sides  of  the  central  lobe  with  increasing 
numbers  of  terms.  Further  numerical  exploration  shows  that  these  “ears”  take  on 
increasingly  larger  amplitudes  as  well  as  moving  slowly  outward  in  the  transverse 
coordinate  x  as  the  number  of  terms  in  the  adjoint  expansion  is  increased.  These 
outer  lobes  also  become  dramatically  larger  in  systems  having  larger  values  of  9,  as 
shown  in  Figure  10  for  the  case  of  ^  =  20  degrees  and  a  truncation  point  N  =  20. 
The  series  expansions  using  the  quadrature  coefficients  evidently  do  not  converge 
properly,  at  least  for  the  larger  values  of  0. 
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Figure  11.  The  quadrature  expansion  coefficient  magnitudes  obtained 

using  the  biorthogonality  relation  versus  mode  index  n  for  increasing  values 
of  the  parameter  6.  The  coefficients  appear  to  diverge  for  values  of  0  ^  15 
degrees. 

To  gain  ftirther  insight  into  this  behavior,  Figure  11  plots  the  magnitudes  of 
the  quadrature  expansion  coefficient  magnitudes  ^  versus  the  coefficient  index  n 
for  various  values  of  the  angle  9.  This  figure  indicates  that  there  is  a  critical  value 
of  0  =  15  degrees,  below  which  the  quadrature  coefficients  for  the  particular 
problem  we  are  considering  decrease  in  magnitude  with  increasing  index  n,  but 
above  which  the  quadrature  expansion  coefficients  actually  increase  indefinitely 
with  increasing  n.  This  same  failure  of  convergence  for  certain  ranges  of  param¬ 
eters  was  also  noted  by  Anan’ev  and  Anikitchev  [32],  who  attributed  it  to  lack 
of  completeness  of  the  complex  hermite-gaussian  eigenfunctions.  We  now  believe, 
however,  that  this  lack  of  convergence  indicates  rather  that  the  simple  quadrature 
integral  approach  is  not  the  proper  procedure  for  finding  the  minimum-error  ex¬ 
pansion  coefficients  in  a  nonorthogonal  system  of  this  type,  as  discussed  in  the 
following  section. 


7.  Minimum- Error  Eigenmode  Expansions 

To  understand  better  the  deficiencies  of  the  naive  quadrature-integral  approach 
outlined  above,  and  to  obtain  a  much  improved  series  expansion  approach,  we 
derive  in  this  section  an  improved  minimum-error  expansion  procedure  for  general 
biorthogonal  systems  [31].  To  obtain  a  minimum-error  eigenfunction  expansion  in 
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the  form  of  Eq.  (16)  for  the  general  biorthogonal  case,  one  can  write  the  mean- 
square  error  cn  for  a  finite  series  expansion  truncated  at  index  n  =  N  in  the 
form 


6N 


N 

/(x)  ^  ^ 

n=0 


2 


dx 


=  1  -  ^  (^nfn  "  ^2  X/  Cn^m^nm 

Ti=0  Ti=0  n=0^  m=0 


(19) 


where  we  have  assumed  in  the  second  line  that  f{x)  is  normalized  to  unit  power. 
The  coefficients  fn  defined  by 

/oo 

nl{x)f{x)dx  (20) 

-OO 

are  then  just  the  hermitian  series  expansion  coefficients  from  Eq.  (17)  that  would 
be  the  appropriate  series  expansion  coefficients  Cn  if  the  Un{x)  were  orthonormal 
in  the  conventional  sense,  and  the  matrix  elements  Mnm  are  the  matrix  elements 
of  the  orthogonality  matrix  defined  earlier.  If  we  introduce  the  column  vector 
notations 


'Co  “ 

"  fo  ■ 

Cn  = 

Cl 

and 

Fn  = 

/l 

-CiV  - 

-fN- 

the  mean-square  error  €n  can  then  be  written  in  the  matrix-product  form 

eN  =  l-C{^FN-F|^CN-hC];,MNCN  •  (22) 

The  variation  of  the  error  €n  with  small  variations  in  the  coefficient  vector  Cn 
can  then  be  evaluated  as 

=  [MnCn  “  Fn]^  ^Cn  +  ^^N  [MnCn  “  Fn]  (23) 

where  we  have  used  the  fact  that  the  matrix  M  is  obviously  hermitian.  The  vector 
array  of  coefficients  Cn  which  will  minimize  the  error  €n  is  then  evidently  given  by 
MnCn  =  Fn  or 

Cn  [minimum  error]  =  Fn  (24) 

where  denotes  the  inverse  of  Mn-  The  mean-square  error  using  these  coef¬ 
ficients  is  then  given  by 

€n  [minimum  error]  =  1  —  Fj^M^iFN. 


(25) 
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Coefficient  magnitudes:  theta  :=  15  deg 
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Coefficient  magnitudes:  theta  =  18  deg 


Mean-square  errors:  theta  =  15  deg 
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Figure  12.  Upper  plots:  Magnitudes  of  the  quadrature  coefficients  and  of 
the  minimum-error  coefficients  versus  n  for  the  cases  of  0  =  12,  15  and 
18  degr^s  and  for  three  different  minimum-error  expansions  with  increasing 
truncation  points  N  =  10,  20  and  30.  -Lower  plots:  The  mean-square  errors  ep^ 
for  expansions  using  the  quadrature  coefficients,  versus  number  of  coefficients 
N,  and  for  minimum-error  expansions  using  increasing  truncation  points  from 
N  =  2  to  N  =  40,  for  the  same  values  of  9. 


We  will  denote  the  minimum-error  coefficients  obtained  from  Eq.  (24)  by  to 
indicate  that  one  obtains  a  different  set  of  such  coefficients  for  each  choice  of  the 
truncation  index  N.  It  can  be  rigorously  shown,  although  we  will  not  do  so  here, 
that  the  minimum-error  coefficient's  '  for  any  given  index  value  n  will  approach 

the  quadrature  coefficient  value  c„  in  the  limit  of  large  enough  truncation  index 
N. 

We  have  carried  out  a  large  number  of  numerical  experiments  to  explore  how 
eigenfunction  expansions  using  these  minimum-error  coefficients  behave  in 
comparison  with  expansions  using  the  quadrature-integral  coefficients  for  our 
particular  problem  of  complex-valued  hermite-gaussian  eigenfunctions  and  lowest- 
order  adjoint  coupling  [31],  The  general  result  of  these  calculations  is  that  the 
minimum-error  coefficients  c„  produce  finite  series  expansions  which  appear  to 
be  very  well-behaved  and  always  convergent,  having  mean-square  errors  sn  which 
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decrease  rapidly  with  increasing  N,  whereas  the  quadrature  coefficients  c  “  pro¬ 
duce  expansions  which  in  some  cases  behave  exactly  the  opposite.  Typical  results 
from  these  numerical  experiments  are  summarized  in  Figure  12.  The  left  and 
right-hand  columns  in  Figure  12  show  both  quadrature-integral  and  minimum- 
error  results  for  the  two  cases  of  0  =  15  degrees  (just  at  the  divergence  point  for 
the  quadrature  case)  and  ^  =  18  degrees  (well  above  the  divergence  point)  for 
expansions  extending  up  to  large  values  of  the  truncation  index  N. 

The  upper  plots  in  each  column  show  the  quadrature  and  minimum-error 
coefficient  amplitudes  versus  coefficient  index  n,  with  the  minimum-error  coeffi¬ 
cients  evaluated  for  three  different  truncation  points  N  in  each  case.  Obviously 
the  minimum-error  coefficients  roll  over  to  decreasing  values  somewhere  around 
n  ^  N/2  in  each  case,  while  the  quadrature  coefficients  continue  to  diverge  with 
increasing  n  for  ^  =  18  degrees.  One  can  also  see  how  the  minimum-error  coef¬ 
ficients  for  large  enough  N  values  at  first  follow  the  quadrature  expansion  coeffi¬ 
cients,  increasing  in  amplitude  with  increasing  n,  but  then  dropping  to  small  values 
as  n  approaches  the  truncation  value  N  chosen  for  each  particular  minimum-error 
expansion. 

The  lower  plots  in  Figure  12  show  the  mean-square  errors  €n  versus  the  num¬ 
ber  of  terms  for  both  the  quadrature-integral  expansions  and  the  minimum-error 
expansions  with  increasing  numbers  of  terms  N.  Note  that  each  minimum-error 
point  in  the  bottom  plots  represents  a  separate  minimum-error  calculation  with 
the  appropriate  value  of  N.  We  observe  from  other  plots  of  this  type  that  for 
values  of  ^  <  15  degrees  the  errors  in  both  the  quadrature  and  minimum-error 
expansions  continue  to  decrease  with  increasing  AT,  although  the  minimum-error 
expansions  always  have  significantly  smaller  errors  for  the  same  number  of  ex¬ 
pansion  terms.  For  the  case  of  ^  =  15  degrees  the  left-hand  column  in  Figure 
12  shows  that  both  the  coefficient  magnitudes  and  the  mean-square  errors  ap¬ 
pear  to  be  trending  toward  constant  values  for  increasing  number  of  terms  in  the 
quadrature  expansions,  while  the  error  values  for  the  minimum-error  expansions 
continue  to  decrease  monotonically  with  increasing  N,  going  to  very  small  values 
for  large  enough  numbers  of  terms.  When  one  goes  to  ^  =  18  degrees  as  in  the 
right-hand  column,  the  quadrature  expansions  clearly  become  strongly  divergent, 
with  a  rapidly  increasing  error,  while  the  minimum-error  expansions  continue  to 
behave  very  well. 

Finally,  just  to  demonstrate  that  the  minimum-error  expansion  procedure 
continues  to  work  properly  even  for  still  larger  values  of  0,  Figure  13  shows  the 
minimum-error  expansions  compared  to  the  input  function  f{x)  for  increasing 
truncation  values  from  N  —  0  (one  term  only)  up  to  iV  =  16  (nine  terms)  for 
the  particular  case  of  0  =  30  degrees.  The  minimum-error  expansion  in  this  case 
appears  to  remain  clearly  convergent  with  increasing  numbers  of  terms,  in  agree¬ 
ment  with  the  error  calculations  of  Figure  12,  although  the  convergence  occurs 
somewhat  more  slowly  than  at  lower  values  of  6.  The  quadrature  expansion  in 
this  case  is  so  wildly  divergent  as  to  be  not  worth  plotting. 

It  would  seem  that  the  general  approach  to  nonhermitian  eigenfunction  ex¬ 
pansions  developed  in  this  section  ought  to  be  well  known  in  the  literature,  but 
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Figure  13.  Minimum-error  expansions  for  increasing  numbers  of  terms  (solid 
lines)  compared  to  the  exact  input  function  f(x)  (dashed  lines)  for  6  =  30 
degrees. 

we  are  unable  to  point  to  any  clearcut  textbook  or  journal  article  citation  for  this 
approach  (and,  we  have  found  a  number  of  recent  journal  articles  and  texts  which 
cite  the  apparently  erroneous  quadrature-integral  approach  given  by  Eq.  (18)). 
Applying  this  general  approach  to  our  loss-guided  waveguide  example  does,  how¬ 
ever,  seem  to  yield  excellent  convergence  for  the  physical  case  we  have  examined 
over  all  values  of  the  angle  9  that  we  examined 


8.  Excess  Quantum  Noise  Measurements 

As  mentioned  in  the  Introduction,  another  significant  consequence  of  operator 
nonhermiticity  or  mode  nonorthogonality  in  laser  devices  is  an  excess  sponta¬ 
neous  emission  factor  that  can,  among  other  things,  greatly  increase  the  Schawlow- 
Townes  or  quantum-noise  linewidth  of  a  laser  oscillator.  If  an  unstable  resonator 
laser  oscillates  in  its  lowest-order  eigenmode  uq  in  fact,  the  prediction  [19-21,33]  is 
that  the  equivalent  spontaneous-emission  noise  source  driving  the  oscillation  will 
correspond  not  to  the  usual  one  additional  noise  photon  per  cavity  mode  as  given 
in  all  standard  quantum  noise  analyses,  but  to  Kp  excess  noise  photons  per  mode, 
where  the  Petermann  excess  noise  factor  Kp  is  the  Kqq  matrix  element  of  the  K 
matrix  introduced  earlier. 

This  prediction  has  now  been  definitively  confirmed  in  a  series  of  experiments 
carried  out  in  the  author’s  research  group  [34]  as  well  as  in  continuing  experiments 
on  several  types  of  lasers  in  Leiden  [35] .  Figure  14  illustrates  one  set  of  results 
firom  this  work.  These  results  seem  to  represent  a  rather  dramatic  confirmation 
that  the  loss  of  hermitian  or  orthogonal  character  leads  to  significant  physical  and 
even  quantum  mechanical  consequences,  not  to  mention  mathematical  differences, 
for  laser  resonator  modes. 
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Figure  14.  Example  of  excess  noise  measurements  carried  out  on  a  miniature 
diode-pumped  vanadate  laser  using  a  hard-edged  unstable  resonator.  The  mea¬ 
surements  indicate  a  Petermann  excess  noise  factor  on  the  order  of  Kp  «  330, 
in  reasonable  agreement  with  theoretical  calculations  [34]. 

9.  Discussion 

Finally,  it  may  be  helpful  to  bring  out  the  connections  between  this  paper  and 
the  lecture  on  Laser  Resonator  Theory  by  S,  G.  Anikitchev  in  this  same  volume. 
Rather  than  considering  the  eigenmodes  Un{x)  and  adjoint  modes  Vn{x)  or  (j)n{x) 
at  any  transverse  plane  along  the  resonator  as  in  this  paper,  Anikitchev,  following 
the  path  laid  out  in  earlier  work  by  himself  and  others  under  the  guidance  of 
Anan’ev  [12,32],  considers  the  eigenmodes  Un{x)  only  on  the  resonator  mirror 
surfaces,  pointing  out  that  these  mirror-surface  eigenmodes  obey  the  general  (non¬ 
power)  orthogonality  relation  /  =  ^nm-  How  does  this  approach  connect  to 

the  eigenmode-adjoint  mode  approach  used  in  this  paper?  We  can  make  a  few 
comments  on  this: 

1)  It  seems  clear  that  the  physical  and  mathematical  content  of  these  two 
approaches  are  essentially  identical.  It  is  known  that  in  stable  resonators  the 
phase  profiles  of  the  eigenmodes  very  nearly  match  the  mirror  profiles,  i.e.  the 
modes  Un  are  (very  nearly)  uniphase  on  the  mirror  surfaces,  so  that  w*  ~  Un- 
Anan’ev  and  Anikitchev’s  approach  therefore  has  the  useful  feature  of  bringing 
out  that  / UnUm  ~  /  u^Um  ~  ^nm  (for  Stable  resonators  only!).  This  approach 
thus  makes  it  clear  that  the  eigenmodes  of  stable  cavities  are  indeed  orthogonal 
(and  the  eigenmodes  of  unstable  resonators  are  not). 

2)  On  the  other  hand  the  approach  in  this  paper,  which  considers  both  the 
eigenmodes  Un  and  the  adjoint  or  transpose  eigenmodes  Vn  or  (pn  at  any  transverse 
surface  in  the  resonator,  may  be  more  useful  and  more  instructive  in  practice,  as 
well  as  making  direct  contact  with  the  mathematical  literature  on  non-self-adjoint 
operators.  One  can  of  course  always  propagate  Anikitchev’s  mirror-surface  eigen¬ 
modes  forward  or  backward  from  the  mirror  surfaces  to  find  the  fields  on  any  other 
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plane.  The  adjoint  approach,  however,  emphasizes  that  the  transpose  eigenmodes 
are  in  fact  just  the  eigenmodes  traveling  in  the  reverse  direction  around  a  ring 
resonator  or  in  the  opposite  direction  along  a  periodic  lensguide.  Examining  both 
the  eigenmodes  Un  and  the  transpose  modes  (pn  at  various  locations  within  a  res¬ 
onator  can  then  bring  out  that  the  functions  Un  and  (pn  can  be  very  different  (i.e., 
have  very  different  transverse  phase  and  amplitude  profiles)  at  non-mirror  planes, 
especially  in  unstable  resonators  as  illustrated  in  Figure  1. 

3)  The  adjoint-mode  approach  also  has  the  useful  feature  that  one  can  define 
the  eigenmode  orthogonality  matrix  Mmn  =  /  u^Um  with  the  scaled  so  that 
^nn  =  li  and  then  employ  the  biorthogonality  relation  J  (pnUm  =  Snm  to  prove 
immediately  that  in  the  adjoint  orthogonality  matrix  K  the  diagonal  terms  must 
obey  Knn  >  1-  Further  one  can  use  the  adjoint  functions  to  do  gain  and  noise 
analyses  which  show  that  the  diagonal  Knn  terms  are  in  fact  exactly  the  Petermann 
excess  noise  factors  for  the  eigenmodes  Un  in  a  resonator,  while  the  off-diagonal 
terms  Knm^  n  ^  m,  give  the  correlations  between  the  Lange vin  noise  terms  for 
spontaneous  emission  into  different  eigenmodes  Un  and  Um  [21,24].  The  adjoint¬ 
mode  approach,  although  not  essential  for  the  purpose,  also  helps  to  bring  out  the 
interesting  physical  properties  of  “adjoint  coupling”  as  discussed  in  this  paper  and 
earlier  [24,36]. 

4)  Let  us  now  turn  to  the  subject  of  completeness.  Anan’ev  and  Anikitchev  in 

1986  also  attempted  the  same  complex  hermite-gaussian  expansion  as  in  this  paper 
[32]  and  although  they  presented  no  numerical  results,  they  were  able  to  determine 
analytically  that  their  (quadrature-integral-based)  expansion  did  not  converge,  in 
agreement  with  the  results  in  the  present  paper,  (I  believe  the  case  they  consid¬ 
ered  would  correspond  to  0  >  22.5°  in  the  notation  of  the  present  paper.)  They 
interpreted  this  failure  to  converge  as  representing  a  lack  of  completeness  in  the  set 
of  eigenfunctions  Un-  The  present  paper  demonstrates,  however,  that  this  failure 
to  converge  occurs  because  the  quadrature  coefficients  obtained  from  the  quadra¬ 
ture  integral  are  not  appropriate  or  correct  for  finite  (truncated)  series  expansions. 
For  finite  expansions  truncated  at  n  =  AT  the  quadrature  coefficients  must  be 
replaced  by  the  “minimum  error”  coefficients  evaluated  using  the  formulation 
in  this  paper  (although  for  larger  truncation  values  JV  1  the  lower-order  co¬ 
efficients  have  the  property  that  for  all  n  except  n  N).  If  this  is 

done,  the  hermite-gaussian  series  expansion  in  the  eigenmodes  Un{x)  appears  to 
converge  very  well  for  all  cases  we  have  considered. 

The  general  question  of  the  completeness  of  the  complex-valued  hermite- 
gaussian  functions,  or  indeed  of  more  general  hard-edged  unstable-resonator  eigen¬ 
modes,  thus  seems  to  remain  unresolved,  and  may  remain  so  until  attacked  by  a 
sufficiently  skilled  mathematician.  With  respect  to  the  set  of  complex  hermite- 
gaussian  functions  Hn{ax)ex.p[-a^x^/2],  however,  since  the  n-th  order  Hermite 
polynomial  only  contains  powers  of  x  up  to  x^^  and  vice  versa,  it  would  seem 
that  any  expansion  in  terms  of  complex  valued  Hermite  polynomials  Hn  should 
be  convertible  to  terms  in  x”  and  fi:om  there  into  real  Hermite  polynomials.  Since 
the  real  Hermite  polynomials  are  known  to  be  complete,  it  would  seem  that  the 
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complex-valued  ones  probably  should  be  also.  With  respect  to  the  more  compli¬ 
cated  eigenfunctions  Unix)  for  any  hard-edged  unstable  resonator,  whether  these 
are  mathematically  complete  or  not,  the  author’s  guess  is  that  they  are  probably 
more  than  complete  enough  to  represent  any  kind  of  propagating  wave  that  can 
realistically  exist  and  propagate  for  any  distance  within  that  unstable  resonator, 
and  hence  are  complete  enough  to  be  used  for  carrying  out  multimode  expansions 
in  high-output-coupling  or  unstable-resonator  cavities  using  the  approach  outlined 
in  [36].  It  is  interesting  to  note,  for  example,  that  Bowers  has  successfully  carried 
out  a  number  of  expansions  in  hard-edged  unstable  resonators  using  the  real  res¬ 
onator  modes  as  a  basis  set,  with  no  serious  numerical  or  convergence  problems 
observed  [37]. 

In  summary,  the  author  believes  that  the  approach  followed  in  this  and  earlier 
publications,  focusing  on  both  the  eigenmodes  and  the  adjoint  or  transpose  modes 
of  these  resonators,  provides  the  best,  the  clearest,  and  the  most  instructive  ap¬ 
proach  for  understanding  the  unusual  and  interesting  mathematical,  physical  and 
quantum  properties  of  these  resonators. 
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1.  Introduction 

In  early  time  of  unstable  resonator  (UR)  history  it  was  rejected  as  possessed  very 
large  diffraction  losses.  Soon  after  however,  due  to  research  works  of  A.Siegman  in 
USA 

[1-4]  and  the  group  of  Russian  scientists  headed  by  Yu.  Anan’ev  [5,6,7],  UR  has 
attracted  attention  of  laser  researcher  and  designer  community  for  its  high  energy 
extraction  ability,  high  mode  selectivity  and  lower,  as  compared  to  stable  and  flat- 
mirror  resonators,  sensitivity  to  intracavity  distortions.  Then  it  has  been  accepted 
as  a  very  promising  resonator  for  middle  and  high  power  lasers.  With  good  optical 
quality  of  optical  elements  and  active  medium,  this  type  resonator  enables  one  to 
obtain  extremely  high  on-axis  brightness  of  laser  radiation.  However,  in  the  presence 
of  intra-cavity  optical  distorsions  inherent  in  the  resonator  of  a  real  laser,  to  obtain 
optimal  radiation  parameters  at  the  UR  output  becomes  to  be  a  great  problem.  These 
distortions  can  be  caused  by  several  different  reasons  associated  with  deformation  of 
optical  elements  under  radiation  and  also  with  inhomogeneties  in  the  active  media. 

This  lecture  does  not  connect  consideration  of  optical  distortions  in  UR  to  a 
concreate  laser  design.  It  concerns  only  typical  optical  distorsions  which  can  occur 
in  the  resonator  of  a  real  device  during  the  lasing  process. 

Although  there  is  a  lot  of  research  works  both  of  calculation  and  experimental 
nature  devoted  to  study  of  optical  distortions  (or  inhomogeneities)  in  lasers  of  different 
types  with  UR  (see,  for  example  [8,  9]),  in  this  lecture  we  put  more  emphasis  on 
techniques  of  obtaining  the  analytical  estimates  of  intracavity  distortion  effects  on 
output  beam  characteristics. 

We  are  basing  here  primarily  on  works  having  been  carried  out  in  the  Vavilov 
State  Optical  Institute  where  adequate  approaches  for  solution  the  problem  have  been 
develops,  which  seem  to  be  worthy  of  notice  of  everybody  dealing  with  laser  unstable 
resonators. 

So  far  as  angular  selection,  and  thus,  posibility  of  reduction  of  intracavity 
distortion  effect  on  the  laser  radiation,  is  determined  by  the  resonator  mode 
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structure,  it  should  be  expedient  to  consider  briefly  the  transverse  modes  of  an 
unstable  resonator. 

Without  loss  of  generality  this  consideration  will  be  done  for  a  symmetrical 
resonator  version  shaped  by  two  similar  convex  mirrors  (see  Fig.  la). 


Figure  1.  Unstable  resonator  versions:  a)  symmetrical;  b)  semi-symmetrical; 
c)  confocal,  positive  branch  (M>0);  d)  confocal,  negative  branch  (M<0). 


2.  Modes  of  ideal  emply  UR 

Speaking  about  the  unstable  resonator’s  transverse  modes,  one  usually  confines 
oneself,  to  consideration  of  the  diverging  spherical  (cylindrical  for  2-D  resonator 
version)  wave  with  homogeneous  intensity  and  phase  profile  across  the  beam,  in 
accordance  with  geometrical  approximation.  Though  this  model  is  quite  adequite 
in  a  number  cases,  however,  to  make  predictions  of  output  beam’s  parameters  for 
a  laser  with  medium  possessing  phase  inhomogeneities  requires  more  complete  and 
exact  knowledge  of  resonator’s  modes. 

Most  fruitful  for  description  and  understanding  of  UR  mode  features 
proved  to  be  the  wavequide-based  approach,  which  was  offered  by  L. Vainshtein 
(Russia)  in  early  60-th  [10]  for  flat-mirror  resonators.  It  was  further  developed  by 
the  group  of  Russian  scientists  headed  by  Lubimov  [11-17]  for  other  laser  resonator 
types.  With  this  approach,  a  laser  resonator  is  considered  as  a  section  of  the  wavequide, 
shaped  by  the  surfaces  of  the  two  resonator’s  mirrors. 

As  is  known  from  the  waveguide  theory,  special  wave  forms  exist  which  can 
propagate  with  low  losses  in  a  waveguide.  At  a  waveguide  open  end,  radiation  goes 
partly  out  and  partly  (due  to  diffraction)  back  inward.  But  the  returned  into  the 
resonator  fraction  of  radiation  can  propagate  in  it  only  as  eigen  waves  inherent  in 
this  kind  of  the  wavequide.  Thus,  the  scattered  from  the  mirror  edge  radiation  is 
again  structuring  into  the  waveguide  eigen  waves  which  can  then  oscillate  in  a 
resonance  -  like  manner.  They  give  a  rise  to  resonator’s  transverse  modes,  which 
appear  as  stable  multi-component  resonant  wave  structures. 

The  typical  waves  irdierent  in  an  UR  are  shown  in  Fig.  2.  They  are  of  three 
types.  There  is  the  spherical  diverging  wave  closely  resembling  one  of  geometrical 
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approximation,  which  being  reflected  from  the  mirror’s  edge  transforms  into 
converging  wave  which  reduces  its  cross  section  until  reaches  its  diffraction  limit 
(see  Fig.2a).  After  this,  it  again  transforms  into  the  diverging  wave,  and  the  circle 
repeats  itself.  The  waves  of  another  type  being  scattered  by  smaller  angles  from  the 
mirror  edges  pass  over  a  smaller  distances  in  the  resonator  until  reach  their  caustics 
(see  Fig.2b).  And  finally,  the  third  type  comprises  waves,  scattered  by  larger  angles 
at  the  waveguide  ends,  which  can  propagate  across  the  whole  resonator  from  one 
mirror  edge  to  the  other  (see  Fig.2c).  These  three  wave  types  are  in  general 
involved  in  the  mode,  acting  as  players  of  an  unified  team.  They  oscillate  at  the 
same  frequency  and  lose  (due  to  diffraction)  the  same  energy  fraction  per  a  round- 
trip  along  the  resonator. 


Figure  2.  Type  waves  inherent  in  UR  (symmetrical  version). 


The  wave  components  relative  weights  in  the  mode  structure  are  determined 
by  the  boundary  conditions  at  the  mirror  edges  and  caustics,  and  thus  depend  on 
the  resonator  parameters.  For  instance,  in  the  lowest  loss  resonator’s  mode  its 
dominant  component  mostly  comprises  diverging  and  converging  waves  of 
geometrical  approximation.  In  other  cases,  as  it  will  be  clear  from  the  further 
consideration,  the  mode  structure  can  be  determined  by  several  dominant  wave 
components  with  approximately  equal  relative  weights. 

In  terms  of  mathematics,  the  UR’s  modes  are  given  as  function 

f(94)=cos(mq>)U(?)  (1) 

being  solutions  of  Helmholtz  integral  equation  with  Fresnel  kernel.  In  the  case  of 
axial  symmetry  of  the  resonator  geometry,  the  mode  radial  components  U(©  are 
determined  by  the  equation 

V257 

yU(?)=  (2) 

0 


where 

K(i5')=J„(?^')  ?'exp{m(m+iy2}exp{i(M'+l)(?^+^'V4M},  (3) 

Jm(x)  is  the  Bessel  function  of  the  first  type  of  order  m. 
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^=rV27i/XL, 

(4) 

N=a^AL, 

(5) 

N 

2M  ’ 

(6) 

is  the  equivalent  Fresnel  number,  and  the  UR’s  magnification  M  is  given  as 

M=l+-  +  0.5j^^i^,  (7) 

R  V  R  R’ 

L,  R  and  a  are  the  resonator  length,  and  radii  of  the  mirror  curvature  and 
aperture,  respectively. 

The  solutions  of  the  Eq.  (2)  is  built  basing  on  its  eigen  functions  at  the 
infinite  integral  upper  term  (N->oo).  They  are  Whittaker  functions  of  complex 
index  and  argument  [18]  (for  the  case  of  2-D  resonator,  the  basis  functions  are 
Veber-  Hermitt  functions  of  complex  index  and  argument  [19]). 

The  series  of  these  functions  being  the  solution  of  the  Eq.(2)  in  the  finite 
terms  is  determined  by  the  boundary  conditions.  Analytical  solution  of  the  task 
may  be  obtained  in  asymptotic  approximation  of  the  Whittaker  functions  which 
represent  compositions  of  diverging  and  converging  waves  (like  ones  exhibited  in 
Fig.2)  in  the  area 

?W-1)/4M»1  (8) 

So,  the  function  U(^)  can  be  written  as 


where 


U(?)=^UX4)  =  2^Q(AjW,j+BjW2j), 


,„2  <«’->) 
-TO- 


(9) 


(10) 


signs  ±  corresponding  with  indices  1,  2,  respectively,  and  indices  vj  given  as  [14] 

Vj=v+i27rj/lnM,  j=0,  ±1,2,3  (11) 

and  Cj  are  relative  weights  of  the  wave  components  in  the  composition  (9). 

Depending  on  indices  vj  the  waves  may  have  caustics  in  the  UR  or  freely 
propagate  across  the  resonator  from  one  mirror  edge  to  the  other. 

The  expression  (10)  describes  the  spherical  wave  front  by  the  term 
exp{±i^2(M2-l)/4M}  and  differences  of  the  wave  functions  from  each  other  due  to 
the  complex  index  vj.  The  Revj  is  the  same  for  all  the  waves  in  a  mode  and 
characterizes  their  equal  diffraction  losses  per  a  round  trip.  Due  to  difference  in 
their  Imvj,  these  waves  differ  from  the  spherical  wave  of  geometrical 


59 


approximation  and,  thus,  are  responsable  for  the  beam  far-field  intensity 
distribution  side  lobes. 

Determination  of  the  discrete  values  of  index  v  characteristic  of  UR’s  modes 
as  well  as  unknown  coefficients  Q  in  (9)  is  performed  by  substitution  (9)  in  the 
Eq.2  and  integration  of  it  after  multiplication  of  its  both  sides  by  functions  Ui® 
(1=0, ±1,2,3  ...)  [20].  Then  the  obtained  system  of  the  algebraic  equations,  being 
truncated,  is  solved  approximately. 

Without  mathematical  details  which  can  be  found  in  [14]  we  discuss  now 
some  important  results  having  been  obtained  on  the  basis  of  this  approach. 

Most  sophisticated  for  understanding  behavior  of  mode  eigen  functions  as 
well  as  the  beam  intensity  profile  across  the  resonator,  depending  on  its  parameters, 
have  been  perfectly  cleared  in  the  frame  of  the  above  approach. 

The  results  obtained  analytically,  with  more  extent  of  understanding,  proved 
to  be  in  excellent  agreement  with  numerical  calculations  of  other  authors.  Thus, 
periodical  function  of  Neq  of  the  lowest-order-mode  loss  in  UR,  well  known  from  a 
number  of  numerical  investigations  [1-6],  has  been  deduced  basing  on  the  mode 
description  as  a  single  dominant  standing-like  wave  shaped  by  waves  resembling 
ones  of  geometrical  approximation  [1]. 

The  estimation  made  in  the  frame  of  this  description  of  the  intensity 
modulation  spatial  period  given  as  the  ratio  of  coordinates  of  the  intensity  maxima 
(or  minima) 

W*P=^p^.P=1.2.3...  (12) 

also  shows  a  very  good  agreement  with  the  result  of  numerical  calculation. 

The  positions  of  the  beam  intensity  maxima  (minima)  on  the  mirror  surface 
for  the  symmetrical  UR  with  Ncq=7.9  and  M=1.3  are  shown  by  vertical  lines  in 
Fig.3.  Numerical  calculations  have  shown  [3]  that  eigen  values  for  UR’s  modes  are 
limited  in  magnitude  not  only  from  above  where  they  correspond  to  minimum 
diffraction  losses,  and,  as  is  was  already  mentioned,  are  determined  by  the 
dominant  diverging  and  converging  waves  of  geometrical  approximation,  but  also 
from  below.  The  analysis  of  the  wave  structure  of  UR’s  modes  has  shown  that  to 
describe  both  the  case  of  minimum  lyl  and  of  lyl  corresponding  to  the  highest 
order  mode  in  the  even  mode  group,  one  must  take  into  account  in  (9)  the  wave 
components  with  indices  j=±l  along  with  the  waves  of  geometrical  approximation. 
With  this,  minimum  |y|  is  acvieved  at  Jmv=±7c/lnM. 

This  approach  allowed  us  to  deduce  the  analytical  estimate  [14]  given  as 

ln(N^lnMH-2.4) 

InM  ^  ^ 

of  the  number  of  modes  involved  in  the  low  order  group  of  the  even  symmetry 
modes.  Accuracy  of  this  expression  increases  with  M  and  Neq.  However,  the 
agreement  with  numerical  results  shown  in  Fig.4  are  rather  good  at  mean  values  M 
and  Neq  as  well. 
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Figure  3.  Amplitude  profile  (on  the  mirror  surface)  of  the  lowest  order  mode 
of  symmetrical  UR ,  N^q  “  7.9,  M  =  1 .3. 

Vertical  lines  correspond  to  analj^ical  estimate  in  Eq.  (12) 


Figure  4.  Eigen  values  of  the  group  of  even  low  order  modes  versus  Njq  for  symmetrical  UR ,  M  =  5  [3]. 

The  waveguide  approach  allowes  one  also  to  clear  the  way  of  improving 
mode  selectivity  of  UR  by  tapering  mirror  edges  [14,  16 J.  For  an  UR  with 
sufficiently  large  Ncq  a  very  narrow  area  of  mirror  edge  tapering  given  as  [21,  22] 


Aa  = 


(14) 


makes  the  lowest  order  resonator  mode  approximate  to  the  diverging  wave  of 
geometrical  approximation. 

For  2-D  resonator  version  (resonator  formed  by  cylindrical  mirrors),  it  has 
been  shown  analitically  [14]  that  the  lowest  loss  mode  separates  from  the  mode 
group  at  a  proper  combination  of  UR  parameters,  and  the  analytical  estimation  of 
these  parameters  has  been  obtained  given  as 
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<15) 

■K 

where 

Q=27lNeq  .  (16) 

This  estimate  is  in  a  rather  good  agreement  with  the  numerical  results  exhibited  in 
Fig.5  [23]. 


Figure  5.  Diffraction  losses  of  the  group  of  even  low  order  modes  versus  Neq  [23] 
of  symmetrical  2-D  UR ,  M  =  3.3. 

Table  1  summarizes  the  UR’s  key  parameters  important  for  determination 
of  transverse  modes  features. 


TABLE  1.  The  key  parameters  determinative  for  low-loss  mode  features  in  UR 


Parameter 

Analytical 

expession 

Radius  of  the  first  equivalent  Fresnel  zone 

“'‘ik 

Maximum  radius  of  caustic  waist  for  the 
dominant  waves  in  the  mode  group 

‘^'1^ 

Radii  of  caustic  waists  for  the  high  order  wave 
components  in  the  mode 

Of  =  aA-iL 

IlnM 

The  width  of  the  one  equivalent  Fresnd  zone  area 
dose  to  the  UR  mirror  edge 

a 

Here,  ai  is  radius  of  the  first  equivalent  Fresnel  zone  that  characterizes  the 
caustic  waist  of  the  dominant  wave  components  of  the  lowest  order  mode. 
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Distortion  of  the  resonator  within  this  area  is  expected  to  lead  to  reduction  of  the 
dominant  wave  component  in  the  lowest  loss  mode  structure  that  can  be  eventually 
completely  suppressed.  Radius  ac  characterizes  the  caustic  waist  of  the  dominant 
wave  components  of  the  highest  order  mode  in  the  group  of  low  loss  modes  of 
even  symmetry.  Serious  deformation  of  the  resonator  within  this  area  may  be 
expected  to  result  in  supression  of  the  low  loss  mode  group  as  a  whole.  This  will  lead 
to  dramatic  deterioration  of  beam  quality  if  lasing  is  realy  possible  at  all. 

Radii  aj  of  intracavity  caustics  of  j-wave  components  of  the  fundamental 
mode  in  UR  are  the  characteristic  parameters  which  allow  one  to  estimate  the 
number  of  wave  components  bounded  by  caustics  in  the  resonator.  The  width  aed 
of  an  equivalent  Fresnel  zone  at  the  mirror  edge  determines  the  size  of  the  area 
needed  for  efficient  tapering  of  the  mirror  edge  which  enables  one  to  separate 
effectively  the  lowest  order  mode  that  becomes  closely  resembling  the  wave  of 
geometrical  approximation.  This  tapering  may  be  performed  by  different  techniques 
[16,  24]. 

The  estimates  presented,  as  it  will  be  clear  in  the  further  consideration,  are 
very  helpful  to  predict  the  mode  behavior  in  the  presence  of  distorsions  in  an  UR. 


3.  Optical  distortions 


Optical  distorsions  in  a  resonator  may  be  classified  in  their  scales,  types  and 
positions  across  the  resonator  as  is  shown  schematically  in  Fig.6. 


Figure  6.  Schematic  of  classification  of  optical  distortions  in  laser  resonators. 
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3.1.  AMPLITUDE  DISTORTIONS 


Amplitude  distortions  can  be  caused,  for  instance,  by  gain  nonuniformity  across 
the  active  volume. 

From  the  above  consideration  it  follows  that  the  central  area  of  the  UR  cross 
section  is  the  most  critical  one  for  the  lowest  order  resonator  mode.  Therefore  it  is 
expedient  to  observe  first  of  all  distortions  in  this  region.  Fig.  7  illustrates  the  case 
of  unsaturated  gain  (go)  droping  toward  the  resonator  axis.  Here  are  presented 
results  of  numerical  calculations  of  the  beam  intensity  at  the  plane  of  output 
mirror  and  its  far-field  distribution  of  the  positive  branch  telescopic  UR  with  the 
amplitude  distortions,  different  in  dimension. 


Figure  7.  Normalized  intensity  of  the  lowest  order  mode  at  amplitude  distortions  caused 
by  decrease  of  gain  towards  the  mirror  center.  Confocal  UR,  Neq  =  5,  M  =  2, 2a  =  2  cm; 
(1)  go  =  2, 1  =  0.3  cm;  (2)  go  =  3, 1  =  1.2  cm;  1  -  spatial  scale  of  distortion. 


As  is  seen  in  the  plot,  radiation  intensity  is  decreasing  towards  the  mirror 
center,  its  angular  distribution  having  the  side  lobes  which  are  the  larger  in 
magnitude,  the  wider  the  zero  gain  area  is.  This  tendency  is  clear  from  the  point  of 
the  mode  wave  structure  considered  above.  Gain  reduction  in  the  central  area 
causes  decrease  of  energy  weight  of  the  zeroth  order  wave  component  in  the  mode, 
resulting  in  growth  of  the  weigths  of  the  higher  order  wave  components  boimded  by 
caustics  from  the  center.  As  for  the  waves  of  the  other  type,  propagating  across  the 
resonator,  they  are  reduced  together  with  the  rezoth  order  wave.  It  should  be 
noted,  however,  that  for  the  resonator  of  the  given  parameters  (see  Fig.7),  only 
waves  of  one  type  0=-l)  having  intracavity  caustic  can  exist  in  the  UR.  If  these 
waves  are  being  suppressed  due  to  an  amplitude  distortion,  the  side  lobes  in  the 
intensity  angular  distribution  become  extremely  high  (as  is  seen  in  Fig.7,  curve  2). 
This  is  the  case  the  mode  is  formed  by  cross  propagating  waves  of  the  t5^es  shown 
in  Fig.2  c. 

Fig.8  shows  the  step-wise  variation  of  the  unsaturated  gain  go  near  the 
mirror  edges.  Effect  of  such  a  distortion  is  not  so  much  pronounced  as  that  of 
considered  above  distortions  around  the  UR  axis.  The  distortion  in  this  case  mainly 
affects  the  intensity  across  the  beam  due  to  some  energy  redistribution  among  the 
wave  components  in  the  mode  composition.  In  the  case  of  gain  drop  towards  the 
mirror  edge,  amplitudes  of  the  reflected  from  the  edge  waves  are  reduced.  This 
leads  to  reduction  of  the  intensity  modulation  magnitude  across  the  resonator,  the 
lowest  order  mode  becoming  more  similar  the  wave  of  geometrical  approximation. 
Curve  1  in  Fig.Sa  illustrates  this  situation  for  the  gain  in  the  near  edge  area  being 
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half  (p=0.5)  as  large  as  it  is  over  the  residual  of  the  UR  cross  section.  On  the 
contrary,  gain  growth  towards  the  mirror  edges  is  followed  by  slight  increase  of  the 
higher  order  wave  components  and  the  corresponding  increase  of  the  side  lobes  in 
the  intensity  angular  distribution.  Curves  2  in  Fig.8  a,b  illustrate  this  for  go  being 
near  the  mirror  edge  of  1.5  its  value  in  the  residual  area. 


Figure  8.  Normalized  intensity  of  the  lowest  order  mode  at 
amplitude  distortions  caused  by  step-wise  change  of  gain  near  the  coupling  mirror’s  edge 
Confocal  UR,  Neq  =  5,  M  =  2, 2a  =  2  cm,  go  =  2,  (1)  p  =  0.5;  (2)  p  =  1.5. 


The  far-field  energy  distributions  for  the  considered  amplitude  distortions 
are  exhibited  in  Fig.9.  As  is  seen  in  the  plot,  the  output  beam  quality  does  not 
depend  very  much  on  gain  variations  across  the  UR  excepting  the  case  of 
suppression  of  the  lowest  order  mode  in  the  central  area  which  is  followed  by 
pronounced  degradation  of  the  output  beam  parameters. 


Figure  9.  Normalized  energy  angular  distribution  at  amplitude  distortions  shown  in  Fig.  7,8. 

Curves  1,2  correspond  with  those  in  Fig.  7,  curves  3,4  -  with  curves  1,2  in  Fig.  8  respectively. 

3.2.  PHASE  DISTORTIONS 
3.2.1.  Large  scale  distortions 

First  of  all,  we  shall  consider  effects  of  some  typical  large  scale  distortions  with 
dimensions  as  large  as  mirror  diameter.  One  of  the  most  commonly  encountered 
type  of  phase  distortions  is  misaligment  of  resonator  optical  elements.  Generally, 
such  a  distortion  may  be  considered  as  an  optical  wedge  (of  angle  a).  Its  main 
effect  in  a  resonator  is  that  the  resonator  optical  axis  becomes  to  be  fractured  and 
displaced  from  the  axis  of  the  undistorted  resonator.  Fig.  10  shows  the  optical  axis 
views  in  several  types  of  wedge-distorted  UR.  Extremely  undesired  effects  of  a 
wedge  on  the  output  radiation  parameters  are  uncontroled  in  general  variation  of 
the  propagation  direction  (angle  P)  of  the  output  beam  and  its  displacement  (H)  in 
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the  active  volume.  The  last  may  results  in  that  the  beam  may  be  cut  away  by  the 
discharge  chamber  walls.  This  leads  to  growth  of  magnitude  of  intensity 
modulation  across  the  resonator.  Along  with  it,  poor  filling  of  the  active  volume 
causes  reduction  of  the  laser  beam  output  energy.  Table  2  exhibits  relative  values  of 
the  beam  deflection  angle  (p/a)  at  the  UR  output  and  also  of  its  intracavity 
displacement  (H/otL)  from  the  axis  of  the  undistorted  resonator.  Fig.  11  illustrates 
effect  on  beam  parameters  of  an  optical  wedge  in  dependence  on  its  location  along 
the  UR  of  different  geometries.  As  is  seen  in  the  plot  the  symmetrical  UR  is  less 
sensitive  to  wedge-wise  distortions.  The  sensitivity  of  resonators  of  all  the  types  is 
decreasing  with  the  growth  of  M. 
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TABLE  2.  Relative  angle  of  the  output  beam,  deflection  and  intracavity  beam  displacement 
from  the  axis  of  the  undistorted  UR 


Lo/L  Lo/L 


Figure  11.  a)  Relative  deflection  (p/a)  of  output  beam  fiom  the  axis  of  undistorted  UR  against  the  wedge  location 
(Lo/L)  in  resonator,  b)  Relative  displacement  (H/oL)  of  the  UR  optical  axis  (H)  from  the  axis  of  the  undistorted 
resonator  against  the  wedge  location  (WL);  curves  1,2,3  -  belong  to  confocal  UR  (Fig.  10  a), 
curves  4,5,6  -  to  semisymmetrical  UR  (Fig.  10  b),  curves  7,8,9  >  to  symmetrical  UR  (Fig.  10  c). 

M=1.5  (curves  1,4,7),  M=2  (curves  2,5,8),  M=3  (curves  3,6,9). 


Another  very  popular  type  of  large  scale  distortions  in  laser  resonators, 
especially  for  lasers  of  high  power,  is  a  lens-wise  distortion.  As  a  rule,  these 
distortions  are  caused  by  thermal  effects  during  the  lasing  process.  Since 
distortions  of  such  kind  are  virtually  not  quite  lens  but  characterized  by  more 
complicated  phase  profile,  we  shall  restrict  this  consideration  by  general  estimates, 
made  by  Anan’ev  in  geometrical  approximation  in  [25]  for  the  case  of  confocal  UR 
with  smooth  distortions  of  an  arbitrary  shape.  In  this  approach  refraction  index 
n(r)  is  exhibited  as  a  power  series  of  radial  coordinates 

n(r)=no+ni  rf n2r^-i-. . . 


(17) 


67 


The  phase  variation  of  the  output  beam  may  be  expressed  as  a  total  phase 
distortion  on  several  round-trips  along  the  resonator  given  as 

q)„„,=k{6L(r)+5L(r/M)+8L(r/MV . },  (18) 

where 

5L(r)=L(n(r)-  no)  (19) 

denotes  the  optical  path  difference  between  the  ray  coming  in  the  point  with  the  r- 
coordinate  and  that  one  propagating  along  the  resonator  axis  on  a  single  roimd-trip 
through  the  UR.  Substitution  of  (17)  in  (18)  with  the  use  of  (19)  gives 

<Po„.=kL^aj(M)ni-  (20) 


where 


1  1 

(M-l)M' 


The  coefficient  aj  characterizes  the  value  of  a  given  component  relative  to  its 
value  in  the  original  expression  of  the  refraction  index  (17).  Fig.  12  presents  M 
dependence  of  coefficients  aj  for  the  telescopic  UR  (of  positive  and  negative 
branches).  These  data  show  that  output  b^m  phase  deformation  (multi-pass 
distortion)  approximates  at  sufficiently  large  M  to  the  distortion  the  beam  obtains 
on  a  single  pass.  At  M<2  effect  of  a  distortion  may  be  significantly  larger.  As  is 
seen  in  the  plot,  the  resulted  beam  phase  deformation  in  the  presence  in  the  UR  a 
lens-like  distortion  at  M=2  is  approximately  twice  as  large  as  that  on  a  single  pass 
of  the  beam  through  the  distortion.  Here  is  also  well  seen  that  effect  of  odd 
deformations  in  UR  of  negative  branch  are  less  as  compared  to  the  resonator  of 
positive  branch.  Most  compensation  for  such  deformations  are  achieved  at  M<3  . 
As  for  larger  M,  the  output  beam  phase  distortion  of  such  kind  proves  to  be 
virtually  the  same  in  both  UR  geometries. 


J  2  3  ^  5  M  f  2  3  4  5  |//[ 


Figure  12.  Dq)endence  coeflficients  on  UR  magnification  M  [25]  a)  confocal  UR  (positive  branch) 
b)  asymmetric  UR  shaped  by  confocal  concave  mirrors  (negative  branch). 
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3.2.2.  Middle  and  small  scale  phase  inhomogeneities 

As  middle  and  small  scale  distortions  we  mean  those  which  spatial  dimensions  are 
more  than  2  times  less  than  the  resonator  mirror  diameter.  We  will  consider  a 
single  unit  of  area  (local)  distortions  as  well  as  distortions  occupied  the  entier 
resonator  cross  section.  In  model  simulations,  all  distortions,  the  beam  takes  on  its 
pass  through  the  active  volume,  will  be  assigned  to  the  resonator  mirrors.  The 
characteristic  parameters  of  distortions  are  shown  in  Fig.l3.  Since  the  most  critical 
area  for  the  mode  structure  in  UR  is  their  on-axis  area,  it  is  interesting  to  consider 
effect  of  distortions  located  here. 


Figure  13.  Characteristic  parameters  of  middle  and  small  scale  phase  distortions, 

1  “  spatial  dimension,  8  -  phase  variation. 

The  most  effectively  manifested  are  concave-type  distortions  of  the  mirror 
surface  which  can  shape  a  local  stable  resonator  around  the  UR  optical  axis. 
Fig.  14  exhibits  the  result  of  the  local  resonator  formation  in  confocal  positive 
branch  UR.  As  is  seen,  it  is  accompanied  by  concentration  of  the  radiation 
intensity  on  the  UR  axis.  Exitation  here  of  the  lowest  order  stable  mode  leads  to 
suppression  of  the  lowest  order  UR’s  mode.  However,  since  the  stable  mode  is 
limited  in  space,  the  UR  can  at  sufficient  gain  support  its  eigen  waves  of  higher 
orders,  bounded  by  caustics  from  the  central  area.  This  results  in  degradation  of 
output  beam  quality  and  reduction  of  output  energy.  Obviously,  these  effects 
depend  on  the  ratio  of  volumes  occupied  by  modes  of  the  both  resonators. 


Figure  14,  Normalized  intensity  of  the  lowest  order  mode  of  confocal  2-D  UR  with  a  concave 
type  distortion  at  the  mirror  center  resulting  in  shaping  a  local  stable  resonator. 

Neq  =  5,M  =  2, 2a  =  2cm,go  =  2,5  =  0.15X,  1  =  0.3  a. 


The  conditions  of  arrangement  of  a  local  stable  resonator  around  the  axis  of 
the  UR  are  given  by  the  inequality 

1  _p_  M  +  1 

M+1  2L^(M-1)' 


(22) 
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where  p  denotes  the  curvature  radius  of  the  phase  profile  of  the  local  concave-type 
distortion. 

Table  3  exhibits  data  concerning  parameters  of  distortion  resulting  in 
formation  of  a  single-mode  local  on-axis  stable  resonator  and  parameters  of  its 
fundamental  mode.  Here  pav  is  the  average  curvature  radius  of  distortion  within 
the  range  determined  by  inequality  (22)  for  L=1  m.  The  values  w  and  5w/X  are  the 
waist  radius  of  the  lowest  order  mode  on  the  stable  resonator  mirror  and  the 
maximum  phase  variation  produced  by  distortion  of  curvature  radius  pav  within 
the  area  of  radius  w,  respectively.  As  it  might  be  expected,  growth  of  UR 
magnification  M  leads  to  the  pronounced  growth  of  the  UR  mirror  distortion 
required  for  local  resonator  arrangement.  Along  with  this,  the  first  equivalent 
Fresnel  zone  significantly  decreases  in  diameter.  Therefore,  the  transverse 
dimension  of  the  local  stable  resonator  which  is,  at  small  M  (M^l.5  in  the  Table), 
smaller  than  the  Fresnel  zone,  approximates  to  and  then  exeeds  its  diameter,  with 
magnification  increase.  It  is  clear  that  the  local  resonator  occupying  a  very  small 
area  within  the  Fresnel  zone  will  weakly  affect  the  dominant  wave  of  the  UR 
lowest  loss  mode  and  thereby  the  output  beam  parameters.  The  worse  case  is  that 
the  local  stable  resonator  is  close  in  dimension  to  the  volume  bordered  by  the  first 
equivalent  Fresnel  diameter  circle  in  the  UR.  Then  the  UR’s  lowest  order  mode 
might  be  suppressed  completely,  output  beam  quality  degradating.  In  addition,  at 
mean  values  of  M  the  volume  of  the  local  stable  resonar  and  the  residual  of  the  UR 
are  close  in  dimension.  This  will  result  in  the  pronouced  decrease  of  energy  at  the 
UR  output.  At  large  M  the  spatial  dimension  of  the  stable  resonator  mode  is  close  to 
or  exe^s  the  first  equivalent  Fresnel  zone  diameter.  However,  rather  large 
magnitude  of  distortion  is  needed  to  shape  the  local  stable  resonator,  the  range  of 
the  required  curvatures  for  the  stable  resonator  formation  being  very  small  as 
compared  to  the  case  of  small  M  (M<2).  So  probability  of  the  stable  resonator 
advent  in  a  distorted  UR  is  not  great  at  large  M. 


TABLE  3.  Parameters  of  mirror  distortions  for  arrangement  of  a  local  stable 
resonator  and  of  its  lowest  order  mode 


M 

Rq 

ai/a 

pav 

w 

6JX 

min 

(m) 

(cm) 

SJX 

1.5 

2.5 

0.63 

10 

0.37 

0.07 

0.009 

2. 

5. 

3.3 

0.28 

0.12 

0.02 

3. 

10. 

0.32 

1.3 

0.23 

0.21 

0.01 

5. 

20. 

0.22 

0.5 

0.20 

0.38 

0.07 

10. 

45. 

0.15 

0.23 

0.19 

0.78 

0.16 

30. 

145. 

0.08 

0.07 

0.18 

2.39 

0.59 
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Now,  let  us  consider  on-axis  resonator  distortions  of  a  convex-type 
curvature.  As  it  is  in  the  case  of  the  local  stable  resonator,  such  a  distortion  affect 
primarily  the  lowest  order  UR’s  mode.  The  difference  from  the  above  case  is  here 
that  the  cenral  area  throws  light  energy  about  which  leads  to  decrease  of  light 
intensity  nearby  the  resonator  axis  (see  Fig.15).  This  can  lead,  especially  at  large 
magnitude  distortions,  to  suppression  of  the  lowest  loss  mode  of  the  initial  UR. 
Along  with  this,  radiation  scattered  from  the  central  area,  propagating  across  the 
residual  of  the  UR,  additionally  reduces  its  output  energy.  The  case,  when  the 
disturbed  and' undisturbed  parts  of  the  UR  possess  approximately  equal  diffraction 
losses  so  that  the  modes  of  the  both  resonator  sections  may  be  exited 
simultaneously,  results  in  dramatic  degradation  of  output  radiation  parameter. 
All  the  aforesaid  about  the  tendency  associated  with  the  growth  of  M  are  quite 
right  in  this  case  too.  The  both  considered  types  of  distortions  of  small  magnitude 
are  similar  in  effect  (see  Fig.l6).  They  weakly  disturb  the  dominant  wave  of  the 
UR  fundamental  mode,  the  weight  of  transformed  waves  slightly  increasing.  It 
results  in  some  variation  of  intensity  across  the  beam  and  negligible  variations  in  far 
field  patterns. 


Figure  15.  Normalized  intensity  and  normalized  energy  angular  distribution  (far  field) 
of  the  lowest  order  mode  of  confocal  2-D  UR  with  a  convex  type  distortion  at  the  mirror  center. 

N«,  =  5,M  =  2, 2a  =  2  cm,  go  =  2,  6  =  0.15  X(l),  0.03  A.  (2),  1  =  0.3  a 

The  similar  effect  on  output  beam  characteristics  is  observed  with  small 
magnitude  distortions  occupied  the  entire  resonator  volume.  This  effect  does  not  differ 
if  the  distortion  occupies  either  the  entire  resonator  or  only  its  part.  As  an  example  we 
take  a  cos-wise  distortion  in  a  2-D  resonator  version  which  was  investigated  in  [26]. 
With  a  proper  spatial  period  and  amplitude  such  a  distortion  can  lead  to  formation  of  a 
local  on-axis  stable  resonator.  Fig.  17  illustrates  this  situation.  As  is  seen  in  the  plot  the 
large  amplitude  distortions  affect  the  output  beam  parameters  fairly  strongly  (see 
Fig.  17,  solid  curve). 

3.2.3.  Light  scattering 

Light  scattering  in  UR  may  be  caused  by  intracavity  phase  inhomogeneities 
characterized  by  a  very  small  both  phase  variation  and  spatial  dimension  which  are 
considered  as  random  values.  Therefore  the  total  effect  of  distortions  of  such  kind  are 
estimated  basing  on  their  root-mean  values.  As  the  scattering  radiation  involves  a  lot  of 
angular  components,  it  is  expedient  to  consider  the  continuous  angular  spectrum  of 


ISOKMALIZED  ANGLE 


NORMALIZED  ANGLE 

Figure  17.  Normalized  output  beam  intensity  (a),  and  normalized  intensity  (b)  and  energy  (c)  angular 
distribution  for  the  lowest  order  mode  of  the  corfocal  2-D  UR  with  a  spatial  periodic  phase  distortion  on  the 
mirror  surface.  Ncn  =  5,  M  =  2,  2a  =  2  cm,  5  ==  0. 1  X  (solid  line),  0.03  X  (dashed  line). 
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Figure  1 8.  Sketch  of  light  scattering  stages  on  several  passes  of  the  ideal  wave  in  the  UR  (a);  radiation  angular 
distribution  after  one  (b)  and  two  (c)  round-trips  of  the  ideal  wave  in  the  resonator  (geometrical  approximation); 
the  final  angular  distribution  after  several  round-trips  (difiGraction  approximation)  (d). 


We  follow  here  the  consideration  in  [25].  Fig.  18  illustrates  transformation  of 
the  beam  angular  spectrum  on  several  passes  through  a  telescopic  UR  filled  with  a 
scattering  medium.  On  each  pass  through  the  scattering  layer  the  axial  beam 
component  losses  the  fraction  of  the  radiation  flow,  equal  to  1-a,  via  light  energy 
transference  to  scattered  components.  Along  with  this,  the  UR,  as  a  telescopic 
system,  reduces  the  angle  of  directions  by  factor  of  M  on  each  roimd  trip,  the 
angular  width  approximating  the  diffraction  limit  Gd.  So,  formation  of  the  far-field 
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dUtribution  of  radiation  is  completed  after  the  number  of  passes  of  a  beam 
through  the  resonator  given  as 

m=ln(0/0d)/lnM.  (25) 

The  resulting  output  beam  axial  intensity  for  a  UR  with  a  scattered  medium  is  then 
expressed  by 

lo  =  (  ^xp{  ~a(ln(0/0d)/lnM} .  (26) 


4.  Light  induced  distortions 

Light  induced  distortions  are  of  specific  UR  nature.  They  manifest  Aemselves 
mostly  pronounced  in  lasers  in  cw  and  pulse-repetition  operation.  This  is  the  well 
known  LIMP  effect  discovered  by  Dr.  Roper  with  coleagues  [27]  in  UK  in  1978  in 

CO2  active  medium.  .  , 

LIMP  effect  arises  here  due  to  dependence  of  vibration-translation 
relaxation  of  exited  molecula  of  CO2  on  local  radiation  intensity.  When  a  laser 
beam  passes  through  the  amplifying  CO2  medium  (see  Fig  19  a)  the  exited 
molecula  relax  both  via  stimulated  emission  and  transference  of  accumulated 
energy  to  heat  (Fig.  19  b).  The  relaxation  time  amounts  Imcs  in  the  presence  of 
radiation  and  about  15  to  18  mcs  in  the  absence  of  it  (Fig.l9  b).  TOs  results  in  that 
temperature  gradients  arise  at  the  light-shadow  boarder  which  lead  to  local 
changes  of  gas  density  up  to  1  percent  and  consequenly  to  variations  of  refracdon 
index  about  An~(l-3)10-^.  Here  the  beam  phase  distortions  can  reach  03X  within  a 
distance  of  Im.  LIMP  effect  is  favoured  by  beam  inhomogeneities,  both  phase  and 
amplitude,  of  different  origin.  An  interference  pattern  in  CO2  laser  medium  taken 
from  [29]  shown  in  Fig.20  clearly  illustrates  this  situation.  One  of  the  most 
important  sources  of  beam  inhomogeneities  in  UR  appears  diffraction  effects  at 
mirror  edges.  The  progress  in  LIMP  effect  during  lasing  leads,  as  was  found  in  [29], 
to  dramatic  mode  degradation.  Evolution  of  near-  and  far-field  intensity 
distributions  observed  by  Dimakov  with  colleagues  are  exhibited  in  Fig.20  b, 
which  is  confirmed  by  numerical  calculations  of  the  time  dependence  of  lowest  mode 
intensity  carried  out  in  [30]  (see  Fig.21).  Arising  bright  spots  can  also  destroy 
resonator  mirrors  and  laser  windows. 

To  reduce  LIMP  effect  three  approaches  proved  to  be  successful.  These  are: 
to  shorten  the  pumping  pulse  duration  to  3-5  mcs,  keeping  the  constant  input 
energy  [28],  to  optimize  gas  mixture  [31],  and  to  taper  the  UR*s  mirror  aperture 
[32].  Usage  of  the  first  of  these  techniques  helps  one  to  prevent  from  LIMP  for 
lack  of  time  needed  for  progress  of  this  effect  (see  Fig.22).  Investigations  carried 
out  in  [31]  have  shown  that  LIMP  effect  may  be  more  weakly  pronounced  with 
CO2  active  media  selected  in  a  proper  way.  The  most  favourable  have  been  fourid 
so  called  «light»  mixtures  with  more  percentage  of  He.  Fig.23  shows  energetic 
features  of  output  radiation  of  the  laser  in  near-  and  far-field  for  two  gas  mixtures. 
The  plot  confirmes  that  C02:N2:He  =  1:1:6  mixture  is  preferable.  Usage  of  tapered 
aperture  mirrors  in  UR  is  well  known  [16,  21,  24,  25]  as  a  way  of  selection  of  the 
lowest  order  mode  of  geometrical  approximation  which  is  followed  by  much  more 
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homogeneous  beam  intensity  across  the  UR.  Investigations  carried  out  in  [32]  with 
tapered  aperture  mirrors  in  a  UR  have  shown  efficient  reduction  of  the  LIMP 
effect  on  the  output  energy  characteristics  of  the  laser  radiation  (see  Fig.24).  There 
are  some  techniques  of  smoothing  the  apertures  edges.  Along  with  this  the 
important  thing  is  to  eliminate  back  scattering  of  all  available  surfaces  on  the  beam 
way  which  was  especially  emphasized  in  [25].  The  special  measures  are  also  needed 
to  be  taken  against  beam  mcidence  on  the  side  walls  of  the  discharge  chamber. 
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Figure  19.  Radiation  induced  medium  perturbation  (LIMP)  [28]  a)  laser  beam  passing  a  gain  medium;  b)  system 
of  energetic  levels  and  energy  transference  in  CO2;  c)  time  function  of  temperature  growth  under  radiation. 
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Figure  21.  Numerical  simulation  of  mode  evolution  in  UR  during  the  lasing  process  [30]. 


Figure  22.  Minimization  of  LIMP-effect  by  shortening  the  pumping  pulse  with  the  maintaining  the  input  energy. 


Figure  23.  Minimization  of  LIMP-efifect  by  proper  selection  of  gas  mixture. 
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Output  energy  density  per  pulse,  J/cm? 

Figure  24.  Reduction  of  difS^ction  based  perturbations  in  active  medium  by  smoothing  mirror  aperture  in  UR. 


5.  Conclusion 

Concluding  this  consideration  of  optical  distortions  encountered  in  UR,  it  should 
be  say  that  now,  having  got  an  adequate  concept  of  the  resonator’s  modes,  we  can 
predict  with  much  of  understanding  how  different  intracavity  distortions  affect  the 
output  beam  parameters.  The  ideas  discussed  have  been  verified  in  a  great  number 
of  experimental  works.  However,  the  time  has  come  when  the  resonator  study  is 
transfering  from  the  theoretical  field  to  the  field  of  applications  which  is  really 
unlimited.  So,  understanding  of  wave  processes  in  UR  is  rather  good  basis  for 
development  of  new  resonator  versions  which  enable  one  to  improve  laser  beam 
characteristics.  Now  just  as  an  illustration  of  this  idea  we  consider  two  novel 
versions  of  UR,  manifesting  one  of  the  new  tendencies  in  laser  design.  Each  of  the 
resonators  has  an  intra-cavity  image  optical  system. 

The  version  shown  in  Fig.25  is  the  UR  with  a  «cat-eye»  (CE)  reflector. 
Here,  the  image  optical  system  consists  of  lens  2  and  the  concave  mirror  3. 
Peculiarity  of  this  system  is  that  it  represents  an  equivalent  convex  mirror  at  the 
plane  of  coupler  2.  The  UR  with  required  output  beam  parameters  is  formed  by  this 
mirror  together  with  the  mirror  1.  It  allows  one  to  compensate  partly  for  an  optical 
wedge  in  an  active  medium  employed  and  misalignment  of  mirror  1.  In  addition,  the 
output  beam  aperture  is  related  the  aperture  of  the  coupling  mirror.  As  an  example  of 
advantages  of  the  resonator  may  be  presented  the  following  data:  the  minimum 
beam  deflection  at  the  resonator  output  at  M=2  is  more  than  two  times  smaller  as 
compared  to  the  above  conventional  confocal  UR  with  equivalent  geometrical 
parameters.  The  minimum  beam  displacement  in  the  active  volume  in  this 
resonator  is  smaller  about  7  times. 

Another  UR  version  shown  in  Fig.  26,  having  the  similar,  may  be  useful  for 
application  in  lasers  of  tube  geometry  of  the  active  volume.  In  both  resonators 
thermal  lenses  in  active  elements  may  be  employed  as  optical  elements  of  the 
images  systems.  More  of  information  about  this  and  other  versions  of  resonator 
designs  is  contained  in  the  lecture  of  S.Dimakov  [33]. 
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Figure  25.  Schematic  of  UR  with  the  “cat-eye”  reflector. 


Figure  26.  Schematic  of  UR  with  an  intracavity  optical  image  system. 
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1.  Introduction 

Rigorous  analysis  of  an  optical  resonator  with  dielectric  inclusions  is 
rather  complex  mathematical  problem  [1],  In  this  study  we  solve  the 
problem  for  two  simple  resonator’s  geometries:  (i)  open  resonator  (OPR) 
consisting  with  two  plane  mirrors  and  a  dielectric  cylindrical  element  in 
the  cavity;  (ii)  spherical  resonator  (SPR)  or  ball  cavity  with  a  small 
spherical  dielectric  body  in  the  center. 

2.  Open  resonator  with  two  plane  mirrors 

Let  us  consider  OPR  with  a  thin  dielectric  cylinder  attached  to  one  of  the 
mirrors  and  oriented  along  the  axis  of  the  system  as  shown  in  Figure  1. 
We  assume  that  this  resonant  system  is  pumped  through  a  coupling  hole 
in  the  left-hand  mirror.  The  following  notations  are  introduced:  2a  is  the 
aperture  diameter  of  the  mirrors,  2d  is  the  diameter  of  dielectric  cylinder,  / 
is  the  cylinder  length,  and  L  is  the  distance  between  mirrors. 

We  shall  assume  that  the  cylinder  is  thin,  d<a ,  and  the  distance 
between  the  end  of  the  cylinder  and  the  right-hand  mirror  is  small,  L  -  I 
«  I .  Furthermore,  we  will  calculate  the  characteristics  of  such  OPR  in 
suggestion  that  only  Eoi  wave  is  excited  in  the  dielectric  cylinder. 

It  is  reasonable  to  consider  the  cavity  as  consisting  of  four  areas  (1 
to  4)  as  it  appears  on  the  Figure  1 .  Because  of  the  gap  L-l  is  small  and 
because  of  limited  divergence  of  a  wave  that  emerges  from  area  1,  we  can 
suggest  that  in  the  area  4  the  field  is  vanished. 
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A  standard  formula  for  cavity’s  g-factor  could  be  introduced  as 


Q  =  o)W/P, 

where  W  =  Wi  +  W2  +  W3  is  the  total  of  accumulated  energies  in  the  first, 
second  and  third  cavity  areas;  P  is  the  power  lost  on  mirrors  and  inside 
the  cavity,  and  o)  is  the  excitation  frequency  of  the  resonant  system. 
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Figure  1.  Two-mirror  open  resonator  with  dielectric  cylinder. 


Calculating  the  integrals  of  the  above  formula  and  simplifying  the 
expressions,  we  can  derive  the  following  formula  for  the  ^-factor  of  an 
open  resonator  with  plane  mirrors  and  a  dielectric  cylinder: 

+k^C%e-^'‘)  +  tm,d\sA^B^]^,(oPel -/3^) 


+r,fc,/82]+foC^(e-^'^  +7’5(«%  ‘ 


where  <Ji  is  the  conductivity  of  material  of  the  mirrors,  tan^is  a  tangent  of 
the  angle  of  losses  for  the  dielectric  cylinder,  and 


r,  =\jf{k^d)^Fo{k^d)-^Jo{kid)j^(k,d) 

/Tj  u 


2/,2 


d^k 
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7-3  = 


J ^  {k-^dl)  +  Jq  (^3<^)  ""  2  'jT'^O  (^3^)‘^1  (^3^) 


(2) 


7’4=-^^ — +  ^5  ~  ^2  [■^o(^3‘^)  +  '^l 

where  Jo(kr)  and  Ji(kr)  are  the  zero-order  and  first-order  Bessel 
functions,  Ho’^(kr)  and  H/'*(kr)  are  the  corresponding  Hankel  functions, 
ki,  k2,  ks,  P,  Y,  and  k  are  the  longitudinal  and  transverse  components  of  the 
wave  vector  K  in  the  working  areas  of  resonator. 


3.  Experiment  with  OPR  in  microwave  region 

We  studied  OPR  system  consisted  of  two  metallic  mirrors  and  a  dielectric 
cylinder  oriented  along  the  axis  of  the  resonator.  The  left-hand  mirror, 
which  was  fixed  with  respect  to  the  optical  bench,  had  a  coupling  hole  for 
pumping  the  system  from  an  external  oscillator  in  the  millimeter  wave 
range.  We  could  move  the  right-hand  mirror  along  the  optical  bench  using 
a  step  motor.  The  signal  was  coupled  out  the  resonator  through  a  hole  in 
the  right-hand  mirror.  The  output  signal  was  registered  by  a  detector  and 
processed  by  electronics  with  PC.  Using  the  method  of  a  trail  body  we 
could  investigate  the  distribution  of  the  field  for  oscillation  modes  excited 
in  the  system. 

Measurements  allowed  us  to  record  the  OPR  spectrum  and  to 
determine  the  g-factor.  Figure  2  displays  the  g-factor  as  a  fimction  of 
the  diameter  of  the  dielectric  cylinder  as  calculated  according  to  formulas 
(1)  and  (2)  -  solid  line,  and  also  measured  in  the  experiment  -  bars.  The 
experimental  results  were  obtained  for  OPR  with  Teflon  rods  100  mm 
long  and  8,  10,  12mm  in  diameter.  It  can  be  clearly  seen  that  the 
theoretical  calculations  are  consistent  with  the  experimental  results.  The 
displayed  dependence  demonstrates  that  the  Q-iiciov  of  the  system 
decreases  with  the  increasing  of  the  diameter  of  the  dielectric  body.  In  the 
range  of  our  analysis  the  upper  limit  of  the  cylinder’s  diameter  is 
associated  with  the  condition  d<a ,  whereas  the  lower  limit  is  set  by  the 
minimum  diameter  of  the  rod  for  which  Eoi  wave  can  be  excited. 
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Figure  2.  g-factor  dependence  upon  the 
_ diameter  of  dielectric  cylinder. 


4.  Spherical  resonator 

Spherical  resonator  (SPR)  with  a  small  dielectric  body  in  the  center  was 
also  studied  theoretically.  The  solution  of  the  wave  equation  which 
determines  the  components  of  the  field  in  a  SPR  with  an  ideally 
conducting  smooth  spherical  surface  and  a  small  sphere  in  the  center  of 
the  cavity  can  be  obtained  in  the  following  form: 

U{r,(p,9)  =  (3) 

where  Ai  is  a  constant,  r,  <p  and  6  are  spherical  coordinates;  k=arieos 
,  S)  and  jUb  are  the  dielectric  constant  and  the  magnetic  permeability  of 
a  sphere  placed  in  the  center  of  SPR,  <w  is  the  eigenfi'equency  of  SPR. 
Jn+i/Akr)  and  N„+t/2{kr)  are  respectively  the  Bessel  and  Neumann 
functions  of  half-integer  orders,  whereas  P,r  (cos^  are  the  Legendre 
polynomials. 

The  eigenfrequencies  of  electric  and  magnetic  components  could 
be  found  by  using  the  corresponding  boundary  conditions.  For  the 
simplest  case  of  an  empty  spherical  resonator,  the  boundary  conditions 
for  electric  and  magnetic  components  correspondingly  are 


^(Pl'^n-xn  )  ~  ^n+V2  (^0^1 ) 


(4) 

(5) 
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Here  a/  is  the  radius  of  the  SPR  and  ko=ciJ^So^). 

If  we  consider  now  the  spherical  resonator  with  a  spherical  body 
made  with  an  ideal  dielectric  and  placed  in  the  center  of  SPR  ,  then  the 
eigen-frequencies  of  electric  and  magnetic  oscillations  could  be 
determined  from  the  following  conditions: 


fi^n+l/2  (*0«1  )][*0*^»-l/2  (*0*)-  «^»+l/2  (*0*)] 

+  Jn^\n  (M)  -  «^»+l/2  (*^*)][^0«1  ^n-1/2  (*0«1 )"  ''^»+l/2  (*0«1 )] 

“  ^n+l/2  (^i^X^O^'^n-1/2  (^0^)~  ^b+1/2  -1/2  (*0«i)-«^«+1/2(M|)] 

~  •^b+1/2  n-V2  )  “  '^n+1/2  «-l/2  {Kb)-nJ^y^{k^b'^  =  0 


'^»i+l/2(^0<^l)^  «+l/2  {Kb)\k,bJ 

n-l/2  *)  “  ^n+V2  (^s^)] 

+  Jn.V2{ksb)N  n+m  {kobpobJ 

n-Vl  {k^b)-nJ 

W+1/2  (Ao*)] 

“  •^n+l/2  (^0^1  )'^n+l/2  {k,b\k^bN 

n-Ml  (*0*)-«^«+l/2(*0*)] 

~  '^b+1/2  0'O^)'^»i+1/2  (^0^1  ^ebN^y2  i^sb)  ~  n+l/2(^£^)]  ~  ^ 

where  Vf  and  b  is  the  radius  of  the  dielectric  body  in  the 
resonator. 

The  spectrum  of  the  spherical  resonator  with  a  losser  dielectric 
could  be  calculated  if  s  in  the  above  system  of  equations  should  be 
considered  as  a  complex  dielectric  constant.  However,  the  spectrum  of 
SPR  with  a  body  having  small  losses  (tg<5«l)  practically  coincides  with 
the  spectrum  given  by  the  system  of  equations  (6)  and  (7)  where  is  a 
real  quantity. 
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Figure  3  displays  theoretically  calculated  spectra  of  SPR  with  a 
small  dielectric  spherical  body  for  three  different  values  of  the  body’s 
dielectric  constant.  The  spectrum  of  this  system  becomes  thicker  as  s 
grows,  as  well  as  when  s  is  fixed  and  the  radius  of  the  dielectric  sphere 
increases.  This  is  due  to  decreasing  of  the  wavelength  in  the  dielectric 
body. 

5.  Experiment  with  spherical  resonator 

For  the  experimental  modeling  a  cavity  in  the  form  of  a  ball  was  made 
with  a  metal  and  a  small  spherical  body  was  placed  in  its  center  as 
depicted  in  the  Figure  4. 


iiK 

Figure  4.  Spherical  resonator 
with  a  spherical  body  in  the  center 

Cavity  had  two  symmetrical  cut  round  segments  denoted  as  (1-1) 
in  the  Figure  4.  Two  symmetrical  small  coupling  holes  (2-2)  were  made 
at  the  axis  perpendicular  to  the  axis  of  the  segments.  As  in  a  barrel 
cavities,  a  greater  part  of  the  resonator  volume  in  the  ball  cavity  is 
bounded  by  a  conducting  surface  and  only  an  insignificant  part  of  the 
volume  is  coupled  with  a  free  space  by  small  apertures. 

The  SPR  was  excited  by  an  external  oscillator  in  the  frequency 
range  55-75  GHz  through  a  delivery  waveguide  and  the  holes.  Two  ways 
of  excitation  were  used  in  the  experiments:  through  one  of  the  small 
coupling  holes,  and  through  the  open  segment.  The  SPR  spectra,  the 
distributions  of  the  modes  and  g-factor  were  studied  by  analyzing  the 
shape  and  other  parameters  of  the  resonance  curves  observed  on  the 
oscilloscope  display. 
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A  series  of  spherical  resonators  which  were  made  in  laboratory 
typically  had  the  following  parameters:  curvature  radius  in  the  range  of 
10-20.5  mm,  diameter  of  the  open  segment  from  4.5  to  20  mm,  and 
diameter  of  the  coupling  holes  from  1.5  to  2  mm. 

Figure  5  represents  the  experimental  spectrum  recorded  for  one  of 
the  empty  SPR,  excited  through  its  open  segment. 

Background  comb  of  the  vertical  bars  in  this  figure  represents  the 
spectrum  calculated  in  accordance  with  (4)  and  (5).  The  discrepancy 
between  some  frequencies  is  associated  chiefly  with  the  difference 

A 

Amax 


Fi^re  5.  Spectrum  of  an  empty  spherical  resonator  | 
between  theoretical  model  and  experimentally  studied  SPR  having  the 
open  segments. 

Experimental  analysis  of  the  field  distribution  proved  that  both 
spatially  distributed  oscillations  and  oscillations  of  the  whispering-gallery 
type,  whose  field  is  localized  in  a  limited  space  near  the  cavity  surface, 
could  be  excited  in  the  SPR.  The  Q-factor  of  the  studied  resonators 
varied  between  10  and  10  . 
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Abstract 

Laser  cavity  simulations,  based  on  a  numerical  beam  propagation  analysis,  are  used  to 
demonstrate  that  thermal  leasing  shifts  and  distorts  the  resonator  stability  regions  of 
and  perturbs  the  modelocking  mechanism  in  hard-apertured,  Kerr-lens  modelocked, 
laser-pumped  solid-state  lasers.  The  effect  of  positive  and  negative  thermal  leasing  on 
the  modelocking  mechanism  in  both  canonical  asymmetric  and  symmetric  resonators 
are  compared  and  contrasted  using  Ti:sapphire  and  CriLiSrAlFg  gain  media 
respectively. 


1.  Introduction 

In  recent  years,  analysis  of  the  Kerr-lens  modelocking  (KLM)  mechanism  in  laser- 
pumped  femtosecond  solid-state  lasers  like  Tiisapphire  [1-8]  and  Cr^^-doped  LiSrAlFg 
(Cr:LiSAF)  [9]  has  received  considerable  attention.  In  particular,  the  effects  of  cavity 
alignment  [1-5,9],  gain  guiding  [6],  diffraction  [7],  and  dispersive  pulse  broadening 
[8]  have  been  treated.  In  contrast,  the  effect  that  the  pump-induced  thermal  lens  has 
on  the  operation  of  these  femtosecond  lasers  has  received  relatively  little  attention 
[10,11].  This  is  somewhat  surprising  since  the  power  of  the  thermal  lens  in  a  l-2cm 
gain  medium  can  be  shown  to  be  comparable  to  the  nonlinear  Kerr-lens  in  typical 
modelocked  Tiisapphire  resonators  producing  50-100fs  pulse  durations  [12]. 
Consequently,  due  of  its  effect  on  the  propagation  of  the  intracavity  laser  mode  through 
the  solid-state  gain  medium,  the  thermal  lens  (/)  shifts  and  distorts  the  stability  regions 
of  the  laser  resonator  and  (//)  affects  the  strength  of  the  KLM  mechanism  since  this 
irradiance-dependent  effect  is  Strongly  influenced  by  the  intracavity  mode  size  in  the 
gain  medium. 
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In  this  paper,  we  extend  our  previous  numerical  analysis  [12]  of  the  influence  of 
the  pump-laser-induced  thermal  leasing  on  the  operation  of  a  hard-apertured  KLM 
Ti:sapphire  laser  to  include  symmetric  cavity  arrangements  which  have  been  shown  to 
result  in  improved  KLM  conditions  [5],  In  addition,  the  differing  effects  of  positive 
and  negative  pump-induced  thermal  leasing  on  the  KLM  mechanism  are  investigated 
using  Ti:sapphire  and  CriLiSAF  gain  media  respectively. 


2.  Numerical  Procedure 

The  numerical  resonator  simulations  use  a  rigorous  radial  Gaussian  beam  propagation 
analysis  to  treat  the  canonical  hard-apertured  KLM  laser  resonator  shown  in  Fig.  1 
[12].  The  propagation  of  both  the  intracavity  laser  beam  and  the  pump  laser  beam  (in 
the  laser  gain  medium)  are  treated  using  the  ABCD  matrix  formalism  in  the  paraxial 
Gaussian  beam  approximation.  The  gain  medium  is  divided  into  1000  elements  and  a 
radially  symmetric  graded-index  (GRIN)  lens  approximation  is  used  to  treat  both  the 
thermal  and  nonlinear  Kerr  leasing  effects  in  each  element.  Following  Refs.  13  and 
14,  the  radial  refractive  index  changes  Aw  associated  with  Kerr  leasing  effect  in  each 
element  of  the  gain  medium  are  approximated  using  a  parabolic  fimction  of  the  form 


A«(r)  = 


2w2P 


Bit  —  Ai 


2r^ 

-I 


(1) 


Figure  1 .  Schematic  of  the  canonical  hard-apertured  solid-state  laser  resonator  witli  arm  lengtlis 
and  d^  used  in  the  numerical  simulations.  The  gain  section  mirrors,  which  are  separated  by  z, 
are  represented  by  the  lenses /j  and^.  The  position  of  the  gain  medium  of  length  L  is  defined 
with  respect  to/j.  Both  the  output  coupler  and  high  reflector  Mj’are  plane  mirrors  and  the 
slit  aperture  S  is  assumed  to  be  next  to  the  output  coupler. 
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where  is  the  spot  size  of  the  laser  beam,  P  is  the  intracavity  laser  power,  and  /?2  is 
the  coefficient  of  nonlinear  refraction.  The  parameters  and  with  values  of  0.5 
and  0.75  respectively,  result  from  a  weighted  least  squares  fit  of  the  parabolic 
refractive  index  variation  to  the  Kerr  lens  associated  with  the  Gaussian  spatial  laser 
mode  [13,14]. 


The  numerical  simulation  of  the  intracavity  oscillation  begins  by  selecting  a  plane- 
wave  spot  size  W2  at  the  high  reflector  M2  and  propagating  the  Gaussian  mode  through 
the  resonator  to  the  output  coupler  M|  for  a  particular  value  of  the  rod  position  x  in  the 
absence  of  Kerr  lensing  (see  Fig.  1).  The  two  possible  values  for  the  gain  section 
mirror  separation  z,  corresponding  to  the  two  stability  regions,  are  then  found  for 
which  the  laser  mode  is  also  a  plane-wave  at  the  output  coupler  M^.  For  each  fixed 
pair  of  values  (x,  z)  and  in  the  presence  of  the  Kerr  lens,  the  procedure  is  now  repeated 
iteratively  for  different  spot  sizes  at  the  high  reflector  M2  to  find  the  new  stable  cavity 
mode  [12].  To  assess  the  ability  of  the  resonator  to  sustain  hard-apertured  KLM 
operation,  the  spot  sizes  at  the  output  coupler  M^  in  the  absence  presence 

(wj^)  of  the  Kerr  lens  are  compared.  If  then  the  slit  aperture  S  in  front  of 

Ml  (Fig.  1)  can  be  used  to  favor  modelocked  operation  by  introducing  higher  losses  for 
the  CW  oscillation.  In  accordance  with  previous  work  [2,5],  we  characterize  this 
discrimination  in  terms  of  a  "Kerr  lens  sensitivity"  parameter  5  which  is  defined  by 


^CW 


(2) 


where  is  the  critical  power  for  self  focusing.  The  linear  variation  of  Wj.  with  the 
laser  power  assumed  in  Eq.  (2)  has  been  shown  to  be  valid  for  P  ^  0.3P^  [13]. 
Repetition  of  the  numerica]  procedure  for  different  initial  spot  sizes  at  the  higji 
reflector  allows  both  cavity  stability  regions  to  be  completely  investigated  for  potential 
hard-apertured  KLM  operation  which  requires  5  <  0. 

To  determine  the  influence  of  the  pump-induced  thermal  lens  on  both  the 
resonator  stability  and  the  KLM  mechanism,  we  first  investigated  the  operational 
characteristics  of  canonical  solid-state  resonators  (with  /j  =50mm)  in  the  absence 
of  thermal  lensing.  The  results  are  shown  in  Fig.  2  in  the  form  of  a  contour  plot  of  5  as 
a  fimction  of  x  and  z  for  both  symmetric  (d^  ~d2  =  90cm)  and  asymmetric  {d^  =  80cm, 
d2  =  100cm)  resonators.  For  clarity  only  the  contours  for  5  <  0  are  shown  since  hard- 
apertured  KLM  requires  In  these  and  subsequent  simulations,  an 

intracavity  laser  power  of  0.25/^^  was  used.  For  a  lOOfs  pulse,  this  corresponds  to 
intracavity  modelocked  pulse  energies  of  '-50nJ  and  --I8O1J  for  Ti:sapphire  and 
Cr:LiSAF  lasers  respectively.  Identical  plots  are  obtained  for  both  Tiisapphire  and 
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Figure  2.  Contour  plot  of  the  Kerr-lens  sensitivity  parameter  5  as  a  function  of  x  and  z  for  (a)  an 
asymmetric  cavity  {d^  =  80cm  and  =  100cm)  and  (b)  a  symmetric  cavity  {d^  ^  d^  =  90cm) 
The  gray  scaling  is  from  6  >  0  (white)  in  steps  of  0.4  to  5  <  -1.6  (black).  Tlie  fine  vertical  lines 
represent  the  CW  stability  conditions  for  a  constant  initial  spot  size  yy^  at  the  higli  reflector  Mj. 
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Cr:LiSAF  laser  resonators  provided  that  the  divergence  of  the  laser  beam  in  the  gain 
medium  is  the  same  in  both  cases,  i.e.  that  the  length  of  the  gain  medium  L  scales  with 
its  refractive  index  n.  For  the  data  in  Fig.  2,  a  value  for  L/n  of  11.4mm  was  used, 
giving  L  =  20mm  for  Ti:sapphire  and  L  =  16mm  for  Cr:LiSAF,  Other  parameters  used 
in  the  model  are  presented  in  Table  1. 

The  results  indicate  that  for  both  the  asymmetric  (Fig.  2(a))  and  symmetric  (Fig. 
2(b))  resonators,  KLM  operation  is  most  strongly  favored  near  the  internal  edge 
between  the  two  stability  regions,  especially  for  x  w  39mm  in  region  1  (z  <  103mm)  and 
for  X  «  52mm  in  region  II  (z  >  103mm).  It  is  also  noticeable  that  discrimination 
between  continuous  wave  (CW)  and  modelocked  (ML)  operation  for  these  values  of  x 
and  z  is  more  pronounced  for  the  symmetric  cavity.  These  results  are  consistent  with 
those  obtained  by  other  authors  under  similar  conditions  using  a  single  ABCD  matrix 
approximation  for  the  Kerr  lensing  [2,5,9]. 


TABLE  1.  Parameters  used  in  the  numerical  simulations  of  the 
hard-apertured  KLM  Ti:sapphire  and  Cr:LiSAF  laser  resonators. 


Parameter 

Tiisapphire 

Cr:LiSAF 

L  (mm) 

20 

16 

n 

1.76 

1.4 

a  (cm'*) 

1.0 

1.25 

Wj  (m^/W) 

3x10*2° 

1.1x10-2° 

P^(MW) 

2.2 

6.0 

800 

800 

W(”"> 

500  (Ar"^  laser) 

650  (Kr^  laser) 

^„(W) 

6.0 

1.0 

^(Wm'*K-*) 

42 

1.68 

<#n/rfr(K-') 

12.6x10-^ 

-4x10*^ 

3.  Pump-Induced  Thermal  Lensing 

In  laser-pumped  solid-state  lasers  like  Ti:sapphire,  Cr:LiSAF,  etc.,  part  of  the  pump 
laser  power  is  dissipated  as  heat  which  is  removed  by  external  cooling  of  gain  medium. 
The  resulting  temperature  gradient  is  responsible  for  the  thermal  effects  in  solid-state 
gain  media  [15].  The  dominant  thermal  effect  in  nearly  all  solid-state  laser  crystals  is 
the  thermo-optic  effect,  i.e.  the  refractive  index  change  with  temperature.  In 
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Ti:sapphire,  this  results  in  a  positive  pump-induced  lensing  mechanism  since  the 
variation  of  the  refractive  index  with  temperature  dn/dT  is  positive  [15]  whereas  for 
Cr:LiSAF  it  is  negative  [16]. 


The  strength  of  the  pump-induced  thermal  lensing  in  solid-state  gain  media  can  be 
determined  by  evaluating  the  temperature  distribution  T{r)  generated  by  the  absorption 
of  the  pump  radiation  with  a  Gaussian  heat  source  term  of  the  form  exp(-2r^Avp2), 
where  Wp  is  the  spot  size  of  the  pump  beam.  The  temperature  distribution  can  be 
obtained  from  a  series  solution  to  the  steady  state  radial  thermal  diffusion  equation 


/ 

k 

V 


^\dT 
dr^  r  dr 


J 


2r^ 

+0exp( - 2")=®’ 

Wp 


{3a) 


with 


0  = 


2clSP^  exp(-a^) 
nwp 


(3b) 


where  Q  is  the  absorbed  power  per  unit  volume  for  each  element  in  our  GRIN  lens 
approximation,  is  the  incident  pump  power,  a  is  the  linear  optical  absorption 
coefficient  at  the  pump  wavelength,  ^  is  the  coordinate  describing  the  propagation 
direction  of  the  pump  beam  in  the  gain  medium,  and  k  is  the  thermal  conductivity. 
The  parameter  S  represents  the  fraction  of  the  absorbed  pump  power  that  is  converted 
to  heat.  For  an  Ar^-pumped  O^pump  »  500  nm)  Tiisapphire  laser  emitting  at  800nm, 
this  fraction  is  «  0.38,  whereas  in  Cr.LiSAF  laser  emitting  at  800  nm  and  pumped  by  a 
Kr^  ion  laser  (kp^^f^jp  «  650  nm)  it  is  «  0.2.  The  full  series  solution  to  Eq.  (3)  can  be 
expressed  as 


T(r)  =  T^  + 


Qwp 

%k 


CO 


iT 

ffd/n 


2r 

w^ 


\m 


(4) 


where  is  the  peak  on  axis  temperature  at  r  =  0.  In  obtaining  this  solution,  we  have 
neglected  thermal  diffusion  in  the  direction  parallel  to  the  propagation  of  the  pump 
beam  which  is  a  good  approximation  since  generally  »  Wp. 

To  incorporate  the  thermal  lensing  into  the  GRIN  lens  resonator  analysis,  the 
function  A71(r)  =  T{r)  -  is  approximated  to  a  parabolic  dependence  of  the  form 
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Ar(r)=-^ 


Bf  —  Af  — 2 


2^ 


Wp  J 


(5) 


where  and  Bp  are  the  fitting  parameters  using  a  weighted  least  squares  fit  with  an 
arbitrary  Gaussian  irradiance  profile  of  the  form  Qxpi-lr^lw^).  The  resulting  fit 
parameter  for  arbitrary  spot  size  ratios  w/wp  is  accurately  described  by  the  hmction 
[12] 

/  Wp )  =  0. 334  +  0. 68  i  X  exp[-l.  2  l(w  /  Wp  +  0. 0624)^  ] 

«y+jexp[-(8w/7wp)^]  .  (6) 

Using  this  formulation,  the  effect  of  the  pump-induced  thermal  leasing  on  both  the 
pump  beam  itself  (w  =  Wp)  and  the  intracavity  laser  beam  (w  =  Wj)  are  included  in  each 
GRIN  lens  element  of  the  resonator  analysis  in  a  similar  maimer  to  the  nonlinear  Kerr 
leasing  (Eq.  1)  using  the  values  of  dn/dT  for  Tiisapphire  and  Cr:LiSAF  (Table  1). 

We  emphasize  that  in  both  cases,  the  incident  pump  laser  Gaussian  beam 
parameters  were  chosen  to  ensure  the  optimum  spatial  overlap  with  the  oscillating 
intracavity  mode  in  the  gain  medium  for  the  majority  of  the  values  of  x  and  z  in  both 
stability  regions  [12]  -  the  low  threshold  operation  condition.  However,  thermal 
expansion  of  the  ends  of  the  laser  gain  medium  and  refractive  index  changes  due  to 
thermally-induced  stress  in  the  bulk  of  the  gain  medium  have  not  been  included  in  the 
analysis.  Thermal  expansion  can  be  shown  to  have  a  negligible  effect  on  the 
intracavity  mode  parameters  for  gain  media  with  L  >  1cm  [12,15],  while  the  inclusion 
of  thermal  stresses  would  require  the  use  of  a  radially  anisotropic  analysis. 


4.  Asymmetric  Laser  Resonators 

The  effect  that  the  pump-induced  thermal  lens  has  on  the  operational  characteristics  of 
KLM  Tiisapphire  and  (3r:LiSAF  lasers  are  shown  in  the  contour  plots  of  Fig.  3  for  the 
case  of  an  asymmetric  resonator  {d^  =  80cm,  d2  =  100cm)  and  the  conditions  listed  in 
Table  L  The  pump  laser  powers  are  typical  of  Ar^-pumped  Tiisapphire  [4,5]  and  Kr^- 
pumped  [17]  (or  laser-pumped  [9])  CriLiSAF  resonators  producing  50-100fs  pulses.  It 
is  important  to  note  that  although  the  temperature  change  Ar(r)  is  about  three  times 
larger  in  CriLiSAF  than  in  Tiisapphire  under  these  conditions  (due  to  the  much  higher 
thermal  conductivity  of  sapphire),  the  magnitudes  of  the  pump-induced  thermal  lenses 
are  very  comparable  since  aSPJidnldT)lk  -  0.5  in  both  cases.  Thus,  any  differences  in 
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Figure  3.  Contour  plot  of  the  Kerr-lens  sensitivity  parameter  6  as  a  function  of  x  and  z  for  an 
asymmetric  cavity  {d^  -  80cm  and  =  100cm)  with  the  pump>induced  thermal  lensing  included 
for  (a)  Tiisapphire  and  (b)  Cr:LiSAF  gain  media.  The  dashed  lines  indicate  the  resonator 
stability  edges  in  the  absence  of  tliermal  lensing.  The  gray  scaling  is  identical  to  that  in  Fig.  2 
and  the  fine  lines  represent  the  CW  stability  conditions  for  a  constant  initial  spot  size  Wj  at  tlie 
high  reflector  Mj. 
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the  operational  charactersitics  of  KLM  Ti:sapphire  and  CriLiSAF  lasers  caused  by  the 
thermal  lens  will  be  due  to  its  sign  rather  than  its  strength. 

The  most  noticeable  feature  of  the  results  presented  in  Fig.  3  is  the  shift  and 
distortion  of  the  cavity  stability  regions  with  respect  to  the  stability  regions  in  the 
absence  of  thermal  leasing  (Fig.  2(a))  whose  edges  are  displayed  by  the  dashed  lines. 
An  indication  of  the  distortion  within  the  stability  regions  is  given  by  the  lines  of 
constant  W2  (the  initial  CW  spot  size  at  the  high  reflector  IV^)  which  are  independent 
of  jc  (the  position  of  the  gain  medium  between  the  gain  section  mirrors /j  (Fig. 

1))  in  the  absence  of  thermal  lensing  effects  (Fig.  2(a)).  However,  both  the  shift  and 
distortion  are  dependent  upon  the  sign  of  the  thermal  lens.  The  stability  regions  shift 
to  lower  z  values  for  the  positive  thermal  lens  in  Ti:sapphire  (Fig.  3(a))  and  to  larger  z 
for  the  negative  thermal  lens  of  CriLiSAF  (Fig.  3(b)).  This  behavior  is  to  be  expected 
from  a  simple  geometrical  optics  analysis  of  a  cavity  with  three  lenses  and  the 

gain  medium.  The  distortion  of  the  resonator  stability  limits  is  much  more  pronounced 
for  the  positive  thermal  lens  of  Tiisapphire  than  for  the  case  of  negative  thermal 
lensing  in  CriLiSAF.  Specifically,  at  (z,  x)  «  (102.4mm,  40.0mm)  in  the  Tiisapphire 
resonator  (Fig.  3(a)),  the  thermal  lensing  causes  the  two  inner  stability  edges  to  just 
come  in  contact  with  each  other.  In  fact,  the  two  stability  regions  overlap  if  the 
thermal  lens  becomes  stronger  (due  to  an  increased  pump  power,  lower  thermal 
conductivity,  etc.)  and/or  if  the  resonator  is  more  symmetric  (d^  «  d2)  as  shown  in 
Section  5  below. 

The  numerical  analysis  also  shows  a  distinct  difference  in  the  effect  that  positive 
and  negative  pump-induced  thermal  lensing  has  on  hard-apertured  KLM  operation. 
This  can  be  seen  in  a  comparison  between  Fig.  2(a)  and  Figs.  3(a)  and  (b)  of  the  size 
and  shape  of  the  regions  in  which  KLM  operation  is  most  preferred,  e.g.  where  5  <  - 
0.8.  For  CriLiSAF  (Fig.  3(b)),  the  ablility  of  the  asymmetric  resonator  to  sustain  hard- 
apertured  modelocking  is  enhanced  near  the  inner  stability  edges  of  both  stability 
regions  relative  to  that  in  the  absence  of  thermal  lensing  (Fig.  2(a)).  This  reduction  in 
5  occurs  because  negative  thermal  lensing  creates  a  larger  oscillating  Gaussian  mode 
size  in  the  gain  medium.  The  resulting  mode  has  a  reduced  divergence  and,  thus,  is 
more  susceptible  to  perturbation  by  the  positive  nonlinear  Kerr  lens.  In  contrast,  the 
positive  thermal  lensing  in  Tiisapphire  (Fig.  3(a))  causes  a  reduction  in  the  hard- 
apertured  KLM  efficiency,  i.e.  an  increased  6.  This  effect  is  most  pronounced  at  (z,  x) 
»  (102mm,  39.0mm)  in  stability  region  I  where  the  positive  pump-induced  thermal 
lens  has  clearly  stongly  perturbed  the  favorable  KLM  operation  observed  in  the 
absence  of  the  thermo-optic  effect  (Fig.  2(a)).  Thus,  for  a  typical  thermally-loaded 
asymmetric  Tiisapphire  resonator,  hard-apertured  modelocked  operation  is  most 
favored  near  (z,  x)  « (103.2nun,  53.0mm)  in  stability  region  11. 
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Figure  4.  Contour  plot  of  the  Kerr-lens  sensitivity  parameter  5  as  a  limction  of  x  and  z  for 
^bility  regions  (a)  I  and  (b)  II  of  a  symnaetric  Ti:sapphire  cavity  (d.  =d.  =  90cm)  with  pump- 
induced  thennal  lensing.  The  dashed  lines  indicate  the  resonator  stability  edges  in  the  absence 
of  theimal  lensing  The  gray  scaling  is  identical  to  that  in  Fig  2  and  the  fine  lines  again 
represent  the  CW  stability  conditions  for  a  constant  initial  spot  size  Wj  at  the  high  reflector  Mj. 
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Figure  5.  Contour  plot  of  the  Kerr^lens  sensitivity  parameter  5  as  a  function  of  x  and  z  for 
stability  regions  (a)  I  and  (b)  II  of  a  symmetric  Cr:USAF  cavity  {d^  90cm)  with  pump- 

induced  tlierma!  lensing.  The  dashed  lines  indicate  the  resonator  stability  edges  in  the  absence 
of  thermal  lensing.  The  gray  scaling  is  identical  to  that  in  Fig.  2  and  tlie  fine  lines  again 
represent  the  CW  stability  conditions  for  a  constant  initial  spot  size  at  the  high  reflector  M^. 
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5,  Symmetric  Laser  Resonators 

The  pump-induced  thermal  lens  has  a  greater  effect  on  hard-apertured  KLM  operation 
in  symmetric  resonators  (d^  =  0^2  =  Ti:sapphire  and  Cr:LiSAF  gain 

media  as  shown  in  Figs.  4  and  5  respectively.  Most  noticeable  are  the  areas  between 
the  two  stability  regions  (z  a  103mm)  where  the  resonators  are  unstable  (grey  shading), 
i.e.  where  there  are  no  stable  CW  cavity  modes  due  to  the  perturbation  of  the  thermal 
lens.  As  a  result,  the  lines  of  constant  W2  (the  initial  CW  spot  size  at  the  high  reflector 
M2)  are  either  discontinuous  or  terminate  at  the  edge  of  the  unstable  regions.  The 
different  signs  of  the  thermal  lens  in  Ti:sapphire  and  CriLiSAF  cause  these  unstable 
regions  to  appear  at  different  values  of  (z,  x).  For  the  Tiisapphire  resonator  (Fig.  4), 
the  unstable  region  occurs  for  x  <  42mm  and  extends  from  about  z  >  101.5mm  to  z  < 
103.5mm  so  that  the  area  favored  for  KLM  operation  in  stability  region  I  in  the 
absence  of  thermal  lensing  (Fig.  2(b))  is  excluded.  In  contrast,  the  favored  area  around 
(z,  x)  «  (102.7mm,  52.0mm)  in  stability  region  II  is  not  strongly  perturbed  by  tlie 
pump-induced  thermal  lensing.  Similarly,  for  x  >  41mm  and  z  between  about  102.5 
and  104mm,  hard-apertured  modelocked  operation  is  not  possible  for  the  symmetric 
Cr:LiSAF  resonator  (Fig.  5).  In  this  case,  however,  efficient  hard-apertured  KLM 
operation  (6  <  -0,8)  is  adversely  affected  by  the  thermal  lens  in  both  stability  regions. 


6.  Conclusions 

We  have  demonstrated  using  a  radial  GRIN  lens  Gaussian  beam  propagation  code  that 
the  pump-induced  distributed  thermal  lens  has  a  significant  impact  on  the  operational 
characteristics  of  hard-apertured  KLM  solid-state  lasers  with  l-2cm  gain  media. 
Furthermore,  the  effects  of  the  thermal  lens  are  strongly  dependent  upon  its  sign.  The 
positive  thermal  lens  in  Tiisapphire  generally  reduces  the  ability  of  the  resonator  to 
sustain  hard-apertured  KLM  operation,  whereas  the  negative  thermal  lens  in  CriLiSAF 
has  the  opposite  effect.  However,  for  a  symmetric  resonator,  the  perturbations 
introduced  by  the  thermal  lens  to  the  cavity  stability  criteria  are  much  more  severe  if  its 
sign  is  negative.  As  a  result,  asymmetric  resonators  are  preferred  for  hard-apertured 
KLM  operation  of  a  femtosecond  Cr:LiSAF  laser.  In  contrast,  hard-apertured  KLM 
operation  with  Ti:sapphire  is  favored  for  a  symmetric  cavity  arrangement  provided  the 
resonator  is  modelocked  in  stability  region  II. 

The  results  of  these  numerical  simulations  may  affect  and  optimize  the  design  of  future 
hard-apertured  KLM  lasers  such  as  those  employing  cerium  doped  LiSrAIFg  or 
LiCaAlFg  gain  media  for  ultraviolet  femtosecond  pulse  generation  [18].  However,  a 
deeper  understanding  of  the  role  of  pump-induced  thermal  lensing  effects  will  require 
a  simulation  which  includes  Brewster-cut  gain  media  with  the  required  astigmatism 
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compensation  [19],  gain  guiding  effects  [6]  since  the  pump  laser  beam  is  also  subject  to 
the  thermal  leasing,  and  thermal  stress  dependent  anisotropic  refractive  index  changes 
[15]. 
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Abstract 

Lasers  with  high  average  output  power  suffer  from  thermal  lensing,  stress 
birefringence  and  other  phase  distortions,  which  reduce  the  beam  quality 
significantly.  Self-pumped  phase  conjugating  mirrors  based  on  stimulated 
Brillouin  scattering  (SBS)  were  applied  in  different  oscillators  and  master 
oscillator  power  amplifier  systems  (MOP A)  to  realize  high  beam  qualities  at 
average  output  powers  up  to  500  Watt.  SBS-mirrors  were  applied  from  the 
mid-infrared  down  to  the  ultraviolet  range.  As  an  alternative  to  widely  used 
SBS-materials  like  liquids  and  gases  we  developed  a  new  kind  of  self-pumped 
SBS-mirror  based  on  multimode  quartz  fibers. 


1.  Introduction 

For  laser  applications  in  industry,  science  and  medicine  the  brightness  is  an 
important  parameter.  The  brightness  depends  on  the  square  of  the  beam 
quality,  whereas  the  power  has  a  linear  influence.  Therefore,  an  increased 
beam  quality  leads  to  new  fields  of  laser  applications. 

In  this  paper  the  interest  will  be  focused  on  three  important  wavelengths: 
1  ixm  Nd-doped  solid  state  lasers,  3  ^m  Er-doped  lasers  for  medical 
applications  and  308  nm  excimer  lasers. 

In  case  of  solid  state  lasers  the  beam  quality  decreases  rapidly  with  the 
average  output  power  due  to  phase  distortions  introduced  by  strongly  pumped 
laser  crystals.  Slab  laser  arrangements  can  be  used  to  reduce  the  influence  of 
phase  distortions  like  stress  birefringence  and  thermal  lensing  [1].  Diode 
pumping  instead  of  flashlamp  pumping  can  be  used  to  reduce  the  thermal 
loading  of  the  crystals  and  therefore  the  phase  distortions  [2].  This  results  in 
higher  beam  qualities  at  the  same  average  output  power.  To  achieve  high 
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beam  qualities  for  an  average  output  power  in  the  kW-range,  however,  the 
remaining  phase  distortions  have  to  be  compensated  using  phase  conjugation. 

In  case  of  excimer  lasers  the  beam  quality  suffers  from  the  spatially 
incoherent  emission  structure  of  the  beam  resulting  in  large  divergence  and 
low  beam  quality  although  the  transversal  profile  can  be  very  smooth.  Also 
here,  phase  conjugation  can  be  used  to  realize  higher  beam  qualities. 

2.  Self-pumped  SBS-mirrors 

SBS  is  the  major  process  used  for  the  realization  of  self-pumped  phase 
conjugating  devices  for  high  average  power  laser  systems.  Liquid  and 
gaseous  media  of  high  purity  as  well  as  solid  materials  like  glass  fibers  can  be 
used  with  high  efficiency. 

The  SBS-mirror  consists  of  a  simple  cell  into  which  the  laser  beam  is 
focused  as  shown  in  Figure  la.  The  cell  is  filled  with  a  liquid  like  carbon 
disulfide  or  a  gas  like  SF^.  Focal  lengths  and  scattering  media  have  to  be 
chosen  carefully  to  achieve  a  high  SBS  reflectivity  and  a  good  reproduction 
of  the  wavefront.  Unwanted  side-effects  in  the  material  like  absorption, 
optical  breakdown  or  other  scattering  processes  have  to  be  avoided. 


Figure  la.  Photograph  of  a  Brillouin-cell  Figure  lb.  Photograph  of  a  fiber  phase 
filled  with  carbon  disulfide.  conjugator. 


To  reduce  the  power  threshold  of  SBS  waveguide  geometries  can  be  used  [3]. 
The  beam  intensity  inside  the  waveguide  is  high  for  a  long  interaction  length 
resulting  in  a  low  power  threshold.  To  avoid  toxic  liquids  and  gases  under 
high  pressure  multimode  quartz  fibers  can  be  used  (see  Figure  lb).  The  lower 
Brillouin  gain  of  quartz  glass  compared  to  suitable  SBS  gases  and  liquids  can 
be  overcome  using  fibers  with  lengths  of  several  meters. 
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Energy  reflectivity,  fidelity  and  SBS  threshold  were  measured  for  fibers  with 
different  core  diameters.  Figure  2  shows  the  dependence  of  the  SBS- 
reflectivity  on  the  input  power  for  a  fiber  with  a  core  diameter  of  200  /*m  and 
a  length  of  4.1  m.  All  values  for  the  reflectivity  and  the  power  threshold  are 
related  to  the  full  energy  incident  on  the  fiber  and  not  corrected  with  respect 
to  the  energy  coupled  into  the  fiber. 


Figure  2.  Reflectivity  vs.  input  power  for  a  fiber  phase  conjugator  with  200  ftm  core  diameter. 


The  stable  behavior  of  the  SBS  process  for  an  energy  exceeding  the  threshold 
up  to  ten  times  is  confirmed  by  the  high  fidelity.  The  fidelity  is  93  %  and  the 
fidelity  fluctuations  of  less  than  2  %  are  in  the  same  order  of  magnitude  as 
the  fluctuations  of  our  pyroelectric  energy  meters. 

The  damage  threshold  of  the  fiber  entrance  surface  is  about  500  MW/cm^ 
if  a  homogeneous  illumination  with  a  beam  diameter  equal  to  the  core 
diameter  of  200  is  assumed.  Values  up  to  1.5  GWW  were  observed  for 
some  fibers  with  a  polished  end  surface. 


TABLE  1.  SBS-threshold  for  different  core 
diameters  of  the  fiber  (*  coherence  length  6  m, 
otherwise  0.5  m) 


Fiber  core 
diameter  /  fxm 

SBS  threshold  /  kW 

400 

29 

200 

17 

100 

6.4 

50 

0.5* 

25 

0.2* 
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We  compared  the  performance  of  the  fiber  phase  conjugator  with  a  Brillouin 
cell  filled  with  carbon  disulfide.  The  pump  beam  was  focused  into  the  cell 
with  a  lens  of  100  mm  focal  length.  CS2  is  one  of  the  SBS  materials  with  the 
lowest  SBS  threshold,  but  has  the  disadvantage  of  toxicity.  Table  2  gives  a 
summary  of  the  results  obtained  in  case  of  a  nearly  diffraction-limited  input 
beam  and  a  distorted  input  beam.  For  a  fiber  with  a  core  diameter  of  200  fim 
and  an  input  beam  with  a  coherence  length  of  about  50  cm  the  SBS  thresholds 
Pth  in  both  cases  are  nearly  the  same.  But  the  fidelity  F  of  the  fiber  is  much 
higher  with  lower  fluctuations. 


TABLE  2.  SBS  threshold  Pjjj,  maximum  reflectivity  R  and 
fidelity  F  for  two  different  types  of  phase  conjugators 


200  ^m  fiber 

Brillouin  cell  with  CS2 

P„  =  17  kW 

P,t  =  13  kW 

R  =  50% 

R  =  70% 

F  =  (93±2)% 

F  =  (75+13)% 

In  case  of  highly  distorted  beams  the  Brillouin  cell  and  the  fiber  phase 
conjugator  show  significantly  different  behaviors. 


TABLE  3.  SBS  threshold  Rji,,  maximum  reflectivity  R  and 
fidelity  F  for  two  different  types  of  phase  conjugators  using  a 
highly  distorted  beam  (M^  =  10) 


200  (xm  fiber 

Brillouin  cell  with  CS2 

P.h  =  17  kW 

P„  =  57kW 

R  =  50% 

II 

0 

F  =  78% 

F  =  70%  1 

The  power  threshold  increases  to  57  kW  for  the  Brillouin  cell  and  thus  the 
reflectivity  decreases  rapidly.  Therefore,  in  case  of  a  strongly  distorted  input 
beam,  the  fiber  phase  conjugator  shows  better  properties.  This  can  be 
explained,  that  in  case  of  a  Brillouin  cell  the  SBS  properties  depend  strongly 
on  the  far  field  distribution  of  the  incoming  beam.  Phase  distortions  in  a  beam 
with  bad  quality  result  in  high  amplitude  fluctuations  in  the  far  field.  Due  to 
the  SBS  threshold  the  beam  cannot  be  reproduced  perfectly  in  the  focal 
region  of  the  Brillouin  cell  lens.  Therefore  the  reflectivity  and  fidelity 
decrease.  In  case  of  a  fiber  the  amplitude  distribution  of  the  light  is  nearly 
homogeneous  due  to  the  mode  conversion.  Therefore  the  threshold  does  not 
depend  on  the  incoming  beam  quality. 
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3.  Phase  Conjugation  for  Nd-Lasers 

For  high  average  power  Nd-doped  solid  state  lasers  SBS  is  favorable  for 
phase  conjugating  elements  due  to  the  absence  of  absorption  inside  the  SBS- 
medium.  Different  oscillators  and  MOPA-systems  (Master  oscillator  power 
amplifier)  were  realized. 

3.1.  OSCILLATORS  WITH  SBS-MIRRORS 

Laser  oscillators  with  SBS  phase  conjugating  mirrors  have  perspective  to 
generate  diffraction-limited  beam  quality  up  to  several  10  Watt  average 
output  power  in  a  simple  way  [4].  The  highly  reflecting  mirror  in  a  linear 
resonator  can  be  substituted  by  an  SBS-mirror  to  increase  the  beam  quality 
and  to  compensate  thermal  lensing  of  the  pumped  laser  rod.  The  SBS-process 
leads  to  a  simple  Q-switch  generating  short  and  intensive  pulses. 

The  intensity  needed  to  build  up  the  SBS-mirror  has  to  be  provided  during 
the  initial  stages  of  the  laser  process.  Therefore,  to  reach  the  SBS-threshold 
an  auxiliary  resonator  can  be  used  [5,6].  The  auxiliary  mirror  and  a  lens  to 
focus  the  beam  into  the  SBS-medium  can  be  integrated  in  one  SBS-cell. 
Figure  3  shows  an  oscillator  with  such  an  SBS-mirror. 


Figure  3.  Setup  and  photograph  of  a  Nd-oscillator  with  SBS-mirror. 

A  system  with  a  single  Nd:YAG  rod  and  an  average  output  power  up  to 
17  Watt  has  been  realized  with  a  nearly  diffraction-limited  beam  quality  [7]. 
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3.2.  PULSED  500  WATT  MOPA-SYSTEM 


To  achieve  high  average  output  powers  up  to  the  kW-level  we  realized  a 
multi-amplifier  system.  Figure  6  shows  the  setup  and  Figure  7  a  photograph 
of  the  system. 


Figure  6.  Setup  of  the  500  W  multi-amplifier  system  with  phase  conjugation. 

The  laser  is  flashlamp  pumped  and  pulsed  at  a  typical  repetition  rate  of 
100  Hz.  The  master  oscillator  consists  of  a  ring  resonator  and  an  additional 
etalon  to  increase  the  coherence  length  up  to  23  cm.  This  guarantees  a  high 
reflectivity  and  fidelity  from  the  phase  conjugating  mirrors.  To  reach  the 
SBS-threshold  of  about  20  kW  a  chromium  doped  Y AG-crystal  is  used  as 
passive  Q-switch.  Thus  the  oscillator  emits  per  shot  a  train  of  20  Q-switched 
pulses,  each  with  a  width  of  150  ns.  The  beam  is  diffraction  limited  at  an 
average  output  power  of  3.5  Watt. 

The  beam  is  then  divided  in  two  parts  and  each  of  them  is  coupled  into  a 
serial  arrangement  of  two  amplifier  rods.  A  phase  conjugating  mirror  (PCM) 
after  the  first  amplifier  pass  compensates  the  phase  distortions  of  the  pumped 
amplifier  rods.  Therefore  after  the  second  amplification  pass  the  beam  profile 
of  the  oscillator  can  be  reproduced  at  the  polarizer  (Pol).  To  avoid 
depolarization  of  the  beam  during  the  amplification  we  use  the  polarization 
preserving  medium  NdiYALO.  Due  to  the  anisotropic  gain  of  YALO  the 
optical  isolation  consists  of  a  45”  Faraday  rotator  and  the  polarizer. 
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Both  beams  are  coupled  out  by  the  polarizer  and  amplified  in  a  single  path  in 
amplifier  3  and  6.  Using  a  thin  film  polarizer  both  beams  can  be  combined 
resulting  in  one  beam  with  statistical  polarization  direction. 


Figure  7.  Photograph  of  the  500  W  multi  amplifier  system  with  phase  conjugation. 


Figure  8.  Measured  average  output  power  vs.  total  average  pumping  power. 


Ill 


Due  to  an  optical  system  between  the  amplifier  rods  [8,9]  and  the  PCM  the 
average  output  power  can  be  varied  over  a  wide  range  without  changes  of  the 
beam  parameters.  Figure  8  shows  the  measured  average  power  of  the  system 
in  dependence  of  the  total  average  pumping  power.  The  total  stored  power  in 
the  amplifier  rods  is  1200  Watt.  Therefore  43  %  of  the  stored  power  can  be 
extracted  with  high  beam  quality. 

3.3.  CONTINUOUSLY  PUMPED  MOPA-SYSTEM 

Continuously  pumped  laser  systems  are  preferable  due  to  their  compactness 
and  moderate  price.  To  increase  the  peak  power  for  drilling  or  cutting  and 
other  applications  in  materials  processing,  such  lasers  are  Q-switched  with 
repetition  rates  in  the  range  of  several  kHz.  An  improvement  of  the  beam 
quality  of  these  systems  leads  to  better  processing  results. 

In  case  of  cw-pumped  lasers,  the  SBS  threshold  of  a  Brillouin-cell  filled 
with  a  gas  or  a  liquid  is  too  high  for  such  systems.  The  threshold  has  to  be 
reduced  down  to  one  kW.  Different  methods  were  investigated  [see  for 
example  10],  but  they  fail  in  case  of  strong  thermal  lensing  or  high  average 
power.  Using  a  multimode  glass  fiber  the  interaction  length  inside  the  fiber  is 
high  and,  therefore,  the  SBS  threshold  can  be  reduced  significantly. 

With  such  fibers  we  have  realized  a  continuously  pumped  Q-switched 
MOPA-system.  Figure  9  shows  the  setup  including  a  photograph  of  the  laser. 
To  achieve  a  peak  power  in  the  kW-range  the  oscillator  is  actively 
Q-switched  with  an  acousto-optical  modulator.  The  high  frequency  signal  is 
modulated  to  achieve  self-seeding  in  order  to  obtain  a  high  coherence  length. 
The  pulse  width  is  about  220  ns  at  a  pulse  rate  up  to  20  kHz. 


50  nm  Lens  Amplifier  Telescope  Faraday  Polarizer  Output 
fiber  PCM  (4x79mm2)  Rotator 


Figure  9.  Photograph  and  setup  of  the  continuously  pumped  MOPA  system. 
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The  beam  from  the  oscillator  is  then  reduced  in  diameter  to  achieve  a 
relatively  high  gain  in  the  first  amplification  pass. 

A  crucial  point  is  to  choose  an  appropriate  diameter  and  length  of  the  used 
multimode  glass  fibers.  The  power  threshold  for  a  fiber  phase  conjugator 
can  be  estimated  using  the  following  formula: 


Pu.= 


17D^ 

P'intS 


(1) 


where  D  is  the  core  diameter,  L  the  interaction  length  and  g  the  Brillouin 
gain.  The  interaction  length  is  given  by  the  coherence  length  of  the  incident 
beam.  By  decreasing  the  core  diameter  the  threshold  power  can  be  reduced 
significantly.  On  the  other  hand  only  radiation  with  a  beam  quality  K  better 
than  a  limit,  given  as  follows,  can  be  coupled  into  the  fiber: 


K> 


2X 

tiDNA 


(2) 


where  X  is  the  wavelength  and  NA  the  numerical  aperture  of  the  fiber.  With  a 
core  diameter  of  50 /im  for  standard  fibers  a  17  times  diffraction  limited 
beam  can  be  phase  conjugated.  This  is  a  theoretical  limit  and  valid  only  in 
case  of  perfect  adjustment  of  the  fiber.  For  lower  core  diameters  the 
adjustment  of  the  fiber  becomes  difficult.  Therefore,  we  use  core  diameters 
between  25  and  200  ^m. 

Figure  10  shows  the  SBS-reflectivity  versus  the  repetition  rate  of  the 
system  for  two  different  core  diameters  of  the  fiber  phase  conjugator. 


Figure  10.  SBS-reflectivity  versus  repetition  rate. 
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4.  Phase  Conjugation  for  £r-Lasers 

Laser  radiation  at  3  fim  is  of  great  interest  in  medical  treatments,  because  the 
absorption  maximum  of  water  is  in  this  optical  range.  Many  difficulties  exist 
to  scale  the  output  power  of  3  ^m  erbium  lasers.  One  of  them  comes  from 
thermal  lensing  in  the  active  medium  itself.  Due  to  X^-dependence  of  the  SBS 
threshold  in  liquids  [11],  SBS  phase  conjugation  has  not  been  successfully 
applied  to  3  /xm  erbium  lasers  before. 

We  have  realized  an  Er:Cr:YSGG  laser  in  a  MOPA-arrangement 
incorporating  an  SBS-cell  as  phase  conjugating  mirror  as  shown  in  Figure  1 1 
to  compensate  phase  distortions  introduced  by  the  amplifier  rod. 


The  laser  oscillator  consists  of  a  dielectric  end  mirror  Mi  and  a  sapphire 
etalon  plate  as  output  coupler  M2  to  reduce  the  damage  risk  of  the  resonator 
mirrors  at  3  fxm  [12].  The  laser  rod  is  4  mm  in  diameter  and  90  mm  in  length 
without  AR-coatings.  An  FTIR-shutter  is  used  as  Q-switch  to  generate  35  ns 
pulses  [13].  A  silicon  plate  Pj  in  the  Brewster  angle  polarizes  the  laser  beam 
[14].  The  output  energy  is  limited  to  about  30  mJ.  One  additional  silicon  plate 
P2  in  the  Brewster  angle  in  combination  with  a  quarter-wave  plate  consisting 
of  a  simple  LiNbOa  crystal  enables  an  optical  isolation  and  output  coupling  of 
the  SBS  reflected  beam.  The  laser  rod  for  the  amplifier  is  4  mm  in  diameter 
and  90  mm  in  length  with  AR-coatings.  The  output  energy  from  the  amplifier 
can  be  varied  between  20  mJ  and  60  nJ.  The  SBS-cell  is  25  mm  in  diameter 
and  200  mm  in  length  and  the  window  material  is  CaF2  without  AR-coating. 
Carbon  disulfide  (CS2)  was  used  as  the  SBS  medium  due  to  its  relatively  low 
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SBS-threshold.  A  CaF2  plate  positioned  between  the  focusing  lens  L  and  the 
SBS-cell  couples  out  a  small  portion  of  the  input  and  reflected  beams  for 
monitoring  purpose.  Two  energy  detectors  at  positions  "E/'  and  '’E2"  in 
Figure  1 1  measure  the  energy  ratio  of  the  input  beam  and  the  SBS-reflected 
beam  to  determine  the  SBS  reflectivity. 

The  demonstration  of  phase  conjugation  at  2.8  /Ltm  through  stimulated 
Brillouin  scattering  in  the  CS2-cell  and  the  resulted  healing  of  phase 
distortions  induced  in  the  power  amplifier  has  been  done  by  comparing  the 
transverse  patterns  of  the  input  oscillator  beam  and  the  amplified  beams  after 
the  first  and  second  pass.  It  was  found  that  the  good  beam  quality  from  the 
oscillator  is  distorted  after  single  pass  through  the  highly  pumped  power 
amplifier.  However,  the  good  beam  quality  from  the  oscillator  can  be 
restored  again  in  the  phase  conjugated  beam  after  double  pass  through  the 
amplifier. 

An  SBS-threshold  of  285  kW  and  a  reflectivity  of  25%  are  obtained  as 
shown  in  Figure.  12.  The  pulse  width  was  30  ns. 


Figure  12.  Energy  reflectivity  versus  pulse  energy  for  the  SBS-cell  at  a  wavelength  of  2.8  /xm. 


5.  Phase  Conjugation  for  Excimer  Lasers 

For  standard  excimer  lasers  with  a  conventional  mirror  cavity  the  short 
effective  gain  duration  leads  just  to  few  amplified  resonator  round  trips.  The 
output  is  spatially  and  temporally  incoherent  as  well  as  divergent  resulting  in 
relatively  large  laser  spots. 


115 


A  single-stage  XeCl  oscillator  (Lambda-Physik  LPX  200)  was  equipped  with 
an  SBS-mirror.  Due  to  the  high  gain  an  auxiliary  resonator  to  start  the  SBS- 
reflectivity  is  not  necessary.  Figure  13  shows  the  setup. 


The  self-starting  SBS  resonator  consists  of  a  conventional  output  mirror,  Rl, 
and  a  phase  conjugating  mirror.  The  phase  conjugating  mirror  is  realized 
using  one  or  two  liquid  SBS-cells  leading  to  higher  SBS-reflectivity.  The  used 
liquids  are  2,2-dimethylbutane/n-pentane  (DBP)  and  n-octane.  Figure  14 
shows  the  measured  transversal  beam  profiles  with  and  without  phase 
conjugation. 


Figure  14.  Measured  transversal  beam  profiles  with  and  without  phase  conjugation. 


116 


The  SBS-cells  lead  to  a  beam  quality  improvement  of  60%  resulting  in  50% 
higher  brightness  (see  Figure  15).  The  brightness  is  here  defined  by 

B  =  (3) 

A  y 

where  P  is  the  peak  power,  X  the  wavelength  and  the  diffraction  limited 
factor. 


6.  Summary 

We  developed  different  pulsed  and  continuously  pumped  laser  systems  from 
the  mid-infrared  down  to  the  ultraviolet  range  with  SBS  phase  conjugation.  In 
case  of  high  average  power  solid  state  lasers  500  Watt  with  high  beam  quality 
could  be  obtained.  As  an  alternative  to  often  used  SBS-cells  filled  with  toxic 
liquids  or  high  pressure  gases  we  developed  a  new  SBS-device  based  on 
multimode  glass  fibers.  For  a  wavelength  of  2.8  jt^m  SBS  phase  conjugation 
could  be  realized  for  the  first  time. 
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PHASE  CONJUGATION  OF  CO2  LASER  RADIATION 
AND  ITS  APPLICATIONS 
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1.  Introduction 


During  the  last  decades  passed  since  the  pioneer  experimental  work  by  Ragul’skiy  and 
his  colleagues  [1]  phase  conjugation  (PC)  of  laser  radiation  has  proved  to  be  a  very 
powerful  technique  for  compensation  for  wavefront  distortions  acquired  by  a  laser 
beam  propagating  through  an  aberrated  medium  or  a  poor-quality  optical  system. 

The  approach  has  been  discussed  in  detail  in  literature  (see  the  reviews  [2,3]) 
and  is  based  on  two-pass  propagation  of  a  high-quality  initial  laser  beam  through  the 
aberrated  medium  (or  optical  system)  with  a  procedure  of  phase  conjugation  after  the 
first  pass  (see  Fig.  1).  If  nonlinear  effects  are  absent  in  the  propagation  path  and 
information  about  the  wavefront  distortions  is  not  lost  after  the  first  pass  (e.g.  due  to  a 
finite  aperture  of  the  phase  conjugate  mirror  (PCM)),  the  phase  conjugate  beam 
propagating  in  backward  direction  through  the  same  optical  path  should  restore  its 
initial  perfect  wavefront. 


HIGH  QUALITY  DISTORTED 

INPUT  BEAM  OUTPUT  BEAM  BEAM 


PHASE 

CONJUGATE 
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Figure  1.  Two-pass  concept  of  aberratian  correction  via  phase  conjugation. 


In  [4,5]  it  was  proposed  to  use  this  two-pass  concept  for  compensating  beam 
distortions  in  the  gain  medium  of  a  laser  amplifier.  It  was  possible  because  in  most 
cases  the  spatial  scale  of  inhoftiogeneities  in  the  amplifier  is  not  very  small  and  the 
nonlinear  propagation  effects  can  be  neglected. 
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Since  that  time  a  lot  of  demonstration  experiments  has  been  performed  with  PC 
correction  of  aberrations  in  lasers  operating  in  the  visible  and  near  infrared.  This  was 
due  to  development  after  [1]  of  simple  and  efficient  PCMs  using  focusing  the  beam 
into  a  nonlinear  medium  and  excitation  of  the  stimulated  Brillouin  scattering  (SBS). 

By  a  number  of  physical  reasons  it  is  very  difficult  if  not  impossible  to  realize 
PC  of  CO2  laser  radiation  via  SBS.  The  wavelength  dependence  of  SBS  build-up  time 
[6]  results  in  this  case  in  a  very  high  SBS-threshold  for  realistic  pulse  durations  and 
the  radiation  spectral  width.  This  threshold  turns  to  be  higher  than  that  for  optical 
breakdown  of  components  and  put  stringent  limitations  on  implementation  of  PCMs  in 
10  pm  range  of  spectrum.  So  the  only  nonlinear  optical  technique  of  phase  conjugation 
for  CQz  laser  radiation  that  has  been  developed  up  to  the  present  is  based  on  four-wave 
mixing  (FWM)  of  radiation  in  a  nonlinear  medium  demonstrated  for  the  first  time  in 
[7,8]. 


The  FWM  involves  interference  of  two  sets  of  counter-propagating  waves 
within  the  nonlinear  medium  whose  polarization  (usually  both  the  refraction  and 
absorption)  depends  on  the  intensity  of  the  combined  fields  (Fig.2).  Two  counter- 
propagating  waves  El  and  E2  are  called  the  pump  waves,  E3  denotes  the  probe  wave 
wfrose  phase  conjugate  replica  is  sought  and  E4  is  the  return  wave  arising  in  the 
nonlinear  medium  as  a  result  of  interaction.  Under  certain  conditions  this  wave  can  be 
a  phase  conjugate  replica  of  the  incident  wave  E3. 


NONLINEAR  MEDIUM 


W|  —  Wj  “  W3*-  <04—  UJ 

REFRACTION  R  =  f,  (|E|*) 
ABSORPTION  OfsfjdEl*) 


Recording 


Reading  out 


HIGH  FIDELITY  CONDITION 

=  Ej  (conjugate  pumps)  AND  E^ ,  EJ'  =  COflst  (x) 


Figure  2.  Degenerate  four-wave  mixing  geometry. 
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In  experiments  on  phase  conjugation  with  CO2  lasers  one  usually  deals  with  a 
degenerate  four-wave  mixing,  where  the  frequencies  of  all  waves  are  equal  to  each 
other  (Di=(02=(03=(D4=g).  In  this  case  FWM  process  has  veiy  much  in  common  with 
conventional  static  holography  [9,10]  and  the  phase  conjugate  replica  of  the  incident 
wave  in  the  FWM  process  is  analogous  to  the  wave  creating  a  pseudoscopic  image  in 
conventional  holography. 

Suppose  the  nonlinear  medium  is  characterized  by  an  intensity-dependent 
complex  refractive  index.  Then  forward  pump  wave  Ei  and  probe  wave  E3  record  a 
long-period  grating  corresponding  to  the  interference  term  Ei  E3  (the  angle  ^  is 
usually  small  so  the  period  is  much  large  than  the  wavelength).  The  return  wave 
E4»E2EiE3*  is  produced  by  the  Bragg  diffiraction  of  the  second  pump  wave  E2  at  this 
grating.  At  the  same  time  probe  wave  E3  and  backward  pump  wave  E2  record  the  short 
period  grating  E2E3*.  Diffraction  of  pump  wave  Ei  at  this  grating  gives  another 
component  E4'-EiE2E3*  of  the  same  return  wave.  The  total  radiated  field  is  a  coherent 
superposition  of  the  both  components  of  E4  and  the  relative  role  of  these  components 
depends  on  the  experimental  geometry  and  parameters  of  the  nonlinear  medium. 

By  analogy  from  holography,  where  the  conjugate  wave  is  used  to  obtain  the 
pseudoscopic  image,  wave  E4  should  be  the  sought  phase  conjugate  replica  of  E3  if  Ei 
and  E2  are  phase  conjugate,  E2=Ei*.  However  as  is  seen  from  the  expression  for  E4  to 
obtain  high  fidelity  of  phase  conjugation  it  is  necessary  besides  to  have  |Ei|=|E2|=const 
because  only  in  this  case  E4-const  E3*  will  be  a  precise  conjugate  replica  of  E3.  Thus  to 
realize  high-quality  phase  conjugation  one  should  use  as  the  pump  beams  two  precisely 
counter-propagating  beams  with  plane  wavefronts  and  flat-top  intensity  distribution  in 
the  cross-section. 

From  a  straightforward  geometrical  analysis  of  the  holograms  written  in  the 
nonlinear  medium  it  is  obvious  that  a  small  relative  tilt  or  spherical  deformation  of 
pump  wavefronts  results  in  additional  tilt  and  spherical  deformation  of  the  conjugate 
beam.  To  provide  high  quality  of  phase  conjugation  it  is  necessary  to  meet  the 
/i  A 

conditions  y/  «—  and  —  «  -7 ,  where  vi/  -  relative  tilt  of  the  pump  waves,  %  - 
d  p  d 

wavelength,  d  -  beams  diameter,  p  -  curvature  of  the  pump  beams  wavefront.  These 
are  very  stringent  requirements  but  as  will  be  shown  below  they  can  be  met  in  practice. 
In  some  cases  the  dependence  of  the  conjugate  wave  on  the  phase  profiles  of  pumping 
waves  can  be  used  to  control  within  the  certain  limits  the  direction  and  wavefront 
curvature  of  the  conjugate  beam  (e.g.  to  provide  a  lead  angle). 

The  important  parameter  of  the  FWM  PC-mirror  (PCM)  is  its  “reflectivity” 
defined  by  the  ratio  R  =  |E4|^/|E3f .  It  is  obvious  that  R  can  exceed  100%  if  the  energy 
of  pumping  waves  is  high  enough  to  provide  high  diffraction  efficiency  of  the  gratings. 

This  paper  presents  a  brief  review  of  experimental  works  on  phase  conjugation 
of  CO2  laser  r^ation  and  its  applications  which  have  been  performed  at  S.  I.  Vavilov 
Optical  Institute  whose  part  was  transformed  into  the  Institute  for  Laser  Physics  about 
three  years  ago. 
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2.  Development  of  FWM  PCM 

After  the  pioneer  works  on  FWM  PC  of  CO2  laser  radiation  performed  at  Hughes 
Research  Laboratories  [11,12]  respectively  with  germanium  and  sulfur  hexafluoride 
SFe  as  a  nonlinear  medium  a  large  number  of  investigations  has  been  carried  out. 
Various  media  with  different  types  of  nonlinearity  were  tested  in  FWM  experiments 
such  as  semiconductors,  resonantly  absorbing  gases,  organic  liquids  with  thermal-type 
nonlinearity,  gain  medium  of  pulse  CQ2  lasers  (see  references  in  [13-15]). 

In  the  main  part  of  this  review  we  conjQne  ourselves  to  the  results  of 
experiments  on  phase  conjugation  with  resonantly-absorbing  gas  SF6.  This  medium 
turned  out  to  be  a  very  promising  one  for  obtaining  efficient  phase  conjugation  of  CQ2 
laser  radiation  of  pulse  high  energy  CO2  lasers  and  repetitively  pulsed  CO2  lasers  with 
high  average  power. 

The  first  experiments  with  SFg  performed  with  a  TEA  CO2  laser  and  described 
in  [12]  demonstrated  reflectivity  up  to  38%  for  P8  line  of  the  10.4  pm  transition  of 
CO2  molecule  at  a  millijoule  level  of  energy.  Later  Basov,  Kovalev  et  al.  [16]  carried 
out  experiments  showing  possibility  of  obtaining  high  fidelity  PC  with  SFe  as  a 
nonlinear  medium,  but  again  at  a  millijoule  level  of  energy.  Optimizing  parameters  of 
the  experiment  our  group  [17,18]  demonstrated  for  the  first  time  that  using  SFe  as  the 
nonlinear  medium  it  is  possible  to  achieve  the  reflectivity  exceeding  100%  on  the  PIO 
line  for  the  return  pulse  energy  up  to  300  millijoules.  At  the  same  time  the  reflectivity 
of  the  PCM  on  the  P20  line  which  is  optimum  from  the  viewpoint  of  maximization  the 
energy  extraction  from  a  CQ2  amplifier  did  not  exceed  15-20%  [18]. 

To  provide  ^^plication  of  such  PCMs  in  high  energy  CO2  lasers  it  was 
necessary  to  increase  the  pulse  energy  of  the  phase  conjugate  beam  on  the  P20  line  at 
least  by  an  order  of  magnitude  (up  to  several  Joules),  because  the  highest  possible  gmn 
of  a  reasonably  saturated  two-pass  CQ2  amplifier  which  seemed  to  be  realistic  was 
about  10^  one  way  [19]. 

The  next  step  in  scaling  up  the  energy  level  and  reflectivity  of  FWM  PCM 
using  SFe  has  been  done  in  subsequent  experiments  of  our  group  [20-22],  performed 
with  pump  wave  oscillator  using  an  unstable  cavity  and  SFe  with  isotope  ^^S  instead  of 
^^S  as  the  nonlinear  medium.  Application  of  the  unstable  cavity  enabled  obtaining 
high-quality  pump  beams  of  rectangular  cross-section  4x4  cm  with  a  close  to  uniform 
energy  distribution.  Each  of  pump  beams  had  a  pulse  energy  of  15  J  for  pulse  duration 
about  1  ps.  The  idea  of  the  replacement  of  ^^S  for  its  isotopes  was  to  place  the  P20  line 
of  CQ2  laser  radiation  onto  the  “wing”  o[f  absorption  spectrum  of  isotopically  modified 
SFe  to  provide  practically  the  same  high  nonlinearity  that  had  been  demonstrated  in 
conventional  SFe  for  the  lines  P8-P10.  The  use  of  sulfur  hexafluoride  with  ^^S  allowed 
us  to  increase  several  times  the  reflectivity  R  of  the  PCM  on  the  P20  line  and  achieve 
Ral20%  for  the  return  beam  energy  of  2.5  J. 

Fig.  3  illustrates  the  wavelength  shift  of  absorption  spectrum  of  SFe  due  to 
replacement  of  ^^S  by  its  isotopes  ^^S  and  ^'^S  with  respect  to  maximum  gain  position 
corresponding  to  the  P20  line.  As  seen  from  experimental  curves  given  in  the  bottom 
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of  Fig.  3  [33]  the  isotopes  and  gave  practically  the  same  reflectivity  on  the  P20 
line.  The  isotope  is  much  cheaper  than  so  in  most  subsequent  experiments  we 
used  sulfur  hexafluoride  with  the  isotope  ^"*8  as  the  nonlinear  medium. 

In  Fig.  4  the  results  of  phase  conjugation  test  are  presented  for  the  P20  line 
[22,15]  with  compensation  for  distortions  of  a  specially  manufactured  small-scale 
aberrator.  A  fragment  of  its  interferogram  is  shown  in  Fig.  4a.  The  fer-field  pattern  of 
the  initial  probe  beam  was  close  to  the  diffiraction  limited  one  (Fig.  4b).  As  the  beam 
passed  through  the  aberrator  and  reflected  strictly  in  backward  direction  from  a 
traditional  plane  mirror  installed  in  front  of  the  PCM  the  far-field  pattern  had  a 
multiple-spot  structure  shown  in  Fig.  4c  and  characteristic  for  the  aberrator.  Removing 
this  mirror  resulted  in  restoration  of  the  initial  far-field  pattern  (Fig.  4d)  which  was  the 
evidence  of  the  aberration 

correction  by  the  PCM.  The  i7.^cfn-^  J 

more  detail  study  showed  [22]  ^  ^  8.97  on-*  .  ® 

that  selffocusing  in  SFe  arising  “ 

due  to  the  same  nonlinearity  c  J  '\jJ 

that  was  used  for  writing  the  | 

gratings  resulted  in  appearance  1  ^  ^  ^ 

of  residual  “wings”  in  the  5  ^  930  x!m  ' 

field  pattern  of  the  of  the  return  ,  8.73cm' 

beam.  However,  the  gain  in  c  ^ 

energy-in-the-bucket  obtained  w 

via  phase  conjugation  was  very  g"  - — LL  p/L'  '  '  i* 

significant  for  the  angles  close  |  '  ’ 

to  the  diffraction  limit  [22].  !  s”  s“ 

It  is  necessaiy  to  note  JX  j/K  /K 

that  all  the  experiments  I*  \jp  \  C 

described  above  were  performed  f  Jk  j 

with  TEA  CO2  lasers,  that  is  I  1 

with  short  pulses  of  ^ut  1  ps  5  jO  -  > 

and  a  hi^  peak  power  of 

radiation.  In  some  further  ^ 

experiments  of  our  group  it  has  ‘  *  M  >  I  I  M  l  — 

been  shown  that  similar  results 
can  be  obtained  using  electron- 

beam  sustained  CO2  lasers  with  Figure  3.  SFe  as  the  noolmear  medium  for  FWM 

much  longer  pulses  (15-20  of  CO2  laser  radiation. 

us)  [231  (see  also  [241  [151)  a)AbsoiptioaspecArumofSF6fardi£Ferentisotopesofsulfur 

^  /  ...  ^  r’  b)  Gain  distribution  for  diflferent  lines  of  the 

Though  the  radiation  intensity  10,4  nm  transition  of  CO,  molecule 

is  much  lower  in  these  cases  the  c)  Ej^erimental  PCM-reflectivity  for  different  isotopic 

additional  input  of  thermal  modifications  of  SFe  [33]. 

nonlinearity  of  SFg  allowed  us 
to  achieve  practically  the  same 
100%-level  of  reflectivity  as 
had  been  obtained  for  1  ps-pulses. 
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2- 10®  rad 
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Figure  4.  Coii5)ensatiaii  for  aberrations  via  FWM  phase  conjugation  (see  text)  [15] 


Some  results  [24,15]  demonstrating  compensation  of  large-scale  cfynamical 
aberrations  brought  in  a  deform^le  mirror  into  the  probe  beam  of  a  repetitively 
pulsed  electron-beam  sustained  CO2  laser  with  pulse  duration  ~  20  ps  is  shown  in 
Fig.  5.  To  provide  heat  removal  from  the  FWM-cell  at  the  repetition  rate  of  50  pps  the 
nonlinear  medium  (SFg  with  ^"*8  isotope)  was  blown  through  the  cell.  As  is  seen  from 
the  Figure  the  probe  beam  observed  through  the  cell  was  distorted  by  the  mirror  and 
deviated  in  time  from  its  initial  position.  At  the  same  time  the  phase  conjugate  beam 
reflected  again  from  the  deformable  mirror  retained  practically  the  same  direction  and 
fer-field  pattern  in  spite  of  aberrations.  The  average  power  of  the  return  conjugate 
beam  was  about  50  W. 

In  some  situations  it  can  be  more  convenient  to  use  a  gain  medium  of  CQ2 
lasers  as  the  nonlinear  medium  for  FWM  PC.  For  pulse  durations  exceeding 
significantly  1  ps  (e.g.  in  typical  electron-beam-sustained  CO2  lasers)  it  is  possible  [25] 
to  use  the  so-called  LIMP-effect  [26,25]  for  recording  eflQcient  dynamic  gratings  in  the 
gain  medium.  The  mechanism  of  this  nonlinearity  is  based  on  the  radiation  intensity 
dependence  of  the  V-T  relaxation  rate  of  exited  molecules  of  CO2,  The  theory  of  this 
mechanism  as  applied  to  the  four-wave  mixing  was  developed  by  Galushkin,  Onoshko, 
Sviridov  and  Rubanov  and  published  in  [27]  along  with  the  first  results  of  experiments 
carried  out  by  our  group.  It  followed  from  the  results  of  that  work  that  due  to  this 
mechanism  of  nonlinearity  a  significant  value  of  the  refractive  index  variation  equal  to 
(R3)*10’^  can  be  achieved  for  rather  moderate  radiation  intensity  of  about  50-100 
KW/cm^.  In  these  experiments  the  reflectivity  of  20%  was  demonstrated  in  a  15  ps- 
pulse  for  the  beams  interaction  length  --  30  cm  and  reflected  energy  <-150  mJ.  The 
pulse  shape  difference  between  the  incident  and  reflected  beams  showed  that  the 
reflection  was  not  connected  with  any  parasitic  effects.  The  phase  conjugate  nature  of 
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the  reflection  was  also  confirmed  by  measuring  the  reflected  energy  angular 
distribution  obtained  when  a  severe  aberrator  (a  lens  with  the  focal  length  of  2  m)  was 
piarwt  into  the  incident  beam  path.  Practically  all  the  energy  of  the  reflected  beam  was 
contained  in  the  angle  of  2  mrad  that  was  only  twice  as  large  as  the  diffraction  limit^ 
anglft  of  the  incident  beam.  Later  on  a  scaled  version  of  such  a  PCM  was  used  in 
experiments  on  aberration  correction  in  beam-forming  telescopes  (see  Section  8). 
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Figure  5.  Demonstraticai  phase  canjugation  ejqieriment 
with  gas-flow  electron-heam  sustained  CO  2  laser,  a)  ej^erimental  setiq) 
b)  fk'-field  patterns  of  flie  incident  (i:q>per  trace)  and  conjugate  (lower  trace)  beams. 

The  principal  drawback  of  all  phase  conjugation  schematics  discussed  above  is 
the  necessity  to  use  high  quality  pump  beams  of  sufficient  energy  or  average  power.  As 
a  master  oscillator  is  scded  up  to  provide  such  beams  it  becomes  more  and  more 
difficult  to  ensure  high  optical  quality  of  the  pumps.  So  the  main  goal  of  the  further 
experiments  was  to  demonstrate  that  using  the  discussed  above  techniques  and 
schematics  of  the  FWM  PC  in  combination  with  a  high-energy  CO2  amplifier  having  a 
high  gain  per  pass  it  is  possible  to  compensate  for  distortions  in  the  amplifier  optical 
path  and  to  achieve  a  near  to  the  diffi-action  limit  beam  divergence  of  radiation  at  high 
levels  of  output  pulse  energy  and  average  power.  Such  experiments  described  in  the 
next  Section  have  been  performed  by  our  group  at  a  large-scale  CO2  laser  facility 
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described  in  [28,29].  The  work  has  been  done  in  close  cooperation  with  the  group  of 
research  workers  and  technicians  who  provided  operation  of  the  laser  facility  and 
participated  in  experiments. 


3.  Compensation  for  aberrations  in  a  high  power  CO2  laser  amplifier 
viaFWMPCpO] 

There  is  a  number  of  factors  deteriorating  the  beam  quality  and  beam  divergence  of 
gas-flow  high-energy  repetitively  pulsed  CO2  lasers  operating  at  high  average  power. 
The  first  group  of  fectors  is  connected  with  thermal  loading  of  optical  elements  and 
comprises  thermal  deformation  of  laser  mirrors  and  thermally  induced  fixations  in 
transmitting  optical  components  (windows,  beamsplitters  etc.).  The  second  group 
includes  aberrations  caused  by  inhomogeneities  of  the  laser  medium.  In  electron-beam- 
sustained  CO2  lasers  that  will  be  discussed  in  this  Section  these  inhomogeneities  are 
mainly  connected  with  turbulence  of  the  heated  nonuniformly  gas  flow  and  acoustic 
effects  caused  by  periodical  energy  load  deposited  into  the  medium.  For  lasers  of 
interest  with  a  pulse  duration  exceeding  3-5  ps  the  laser-induced  medium 
perturbations  (LIMP-efifect)  became  important  [26,25,32],  And  finally  the  third  group 
ef  fectors  includes  mechanical  vibrations  and  misfigure  djerrations  of  optical  elements 
in  the  laser  optical  train.  When  the  output  pulse  energy  and  average  power  of  radiation 
is  scaled  up  all  these  fectors  can  result  in  the  beam  divergence  that  far  exceeds  the 
diffraction  limit  necessary  in  most  plications.  So  the  use  of  phase  conjugation 
techniques  to  compensate  simultaneously  for  most  of  this  distortions  can  be  the 
ultimate  solution  to  the  beam  quality  problem  in  such  lasers. 

Our  experiments  [30]  have  been  performed  with  an  electron-beam-sustained 
gas-flow  CQz  laser  module  (see  [28,29])  of  20x40  cm^  cross-section  comprising  two 
connected  in  series  gain  media  with  a  total  length  of  4.5  m  operating  at  repetition  rate 
up  to  100  pps  with  input  pulse  duration  of  (15-30)  ps. 

According  to  the  basic  concept  of  PC  aberration  correction  (see  Fig.  1)  we  used 
in  experiments  [30]  a  well-known  MOPA-PCM  configuration  shown  in  a  simplified 
form  in  Fig.  6.  If  comprised  a  master  oscillator  (MO),  a  two-pass  amplifier  (PA)  and  a 
FWM  phase-conjugate  mirror  (PCM). 


Figure  6.  MOPA-PCM  cxinfigiiratioii. 
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MO  output  was  split  into  two  beams  by  beamsplitter  BSl.  The  main  fraction  of 
the  beam  was  used  for  creation  of  two  counter-propagating  beams  pumping  the  PCM. 
The  remaining  part  of  the  beam  reflected  by  BSl  was  attenuated  additionally, 
expanded  by  a  telescope  and  after  reflection  from  beamsplitter  BS2  was  directed  to  the 
amplifier  as  a  millijoule-level  probe  beam  of  200  mm  in  diameter  and  then  passed  to 
PCM  cell  Optical  delay  line  DL  in  the  forward  going  pump  beam  provided  temporal 
coherence  of  this  beam  with  respect  to  the  probe  beam  passing  to  the  cell  through  the 
amplifier.  Polarization  isolators  PIl  and  PI2  prevented  the  pump  beams  and  the 
conjugate  beam  from  coming  back  to  the  amplifier.  According  to  the  results  obtained 
with  the  use  of  analytical  procedure  [19]  for  evaluation  of  energy  extraction  efficiency 
in  a  two-pass  CO2  amplifier  with  PCM  the  two-pass  power  amplifier  PA  comprised 
three  passes  of  different  cross-section  (PAl,  PA2,  PA3)  through  the  4.5-meter-module 
to  provide  amplification  of  the  1-mJ  input  pulse  up  to  1  J  at  PCM  and  amplification  of 
the  reflected  beam  to  a  1  KJ-level  at  the  amplifier  output. 

As  was  already  mentioned  above  it  is  important  not  to  lose  information  about 
spatial  characteristics  of  the  aberrated  probe  beam  as  it  passes  trough  the  amplifier  to 
PCM.  To  provide  a  large  field  of  view  through  the  amplifier  and  reduce  such  losses  we 
used  special  image  relay  systems  (IRS)  in  the  optical  train  of  the  amplifier.  Special 
measures  have  been  also  taken  to  damp  parasitic  oscillations  in  the  amplifier. 

According  to  the  results  discussed  in  the  previous  Section  to  achieve  the 
reflectivity  of  PCM  about  100%  for  the  reflected  pulse  energy  of  several  Joules  the 
master  oscillator  should  provide  two  diffraction  limited  pump  beams  (each  at  least 
about  20  J)  in  a  single  line  P20  with  the  linear  polarization  of  radiation.  With 
allowance  made  for  inevitable  losses  in  the  pump  beam  delivery  optical  system  the 
total  output  of  MO  should  be  as  high  as  100  J.  To  obtain  a  reli^le  operation  of  MO 
with  such  parameters  of  the  beam  at  repetition  rate  up  to  100  pps  we  used  the  MO 
designed  as  a  low-energy  driver  oscillator  (DO)  and  an  intermediate  amplifier  (lA). 
Both  were  arranged  within  a  small  area  of  the  same  gain  medium  as  the  main  power 
amplifier.  The  driver  oscillator  was  based  on  a  novel-type  resonator  [30,34]  with  the  so 
called  “cat-eye”  reflector  and  produced  5-10  J  in  the  diffraction  limited  beam  on  the 
P20  line  of  10.4  pm  transition  exhibiting  a  very  high  spatial  stability  of  the  beam  for 
the  average  power  up  to  500W.  In  Fig.  7  some  examples  of  the  near-field  patterns  of  its 
output  beam  for  the  single-line  (P20)  (Fig.  7a)  and  two-line  (P20  and  PI 8)  (Fig.  7b) 
operation  of  DO  are  shown  along  with  far-field  patterns  obtained  at  a  repetition  rate 
of  100  pps  (Fig.  7c)  and  demonstrating  a  subdiffiaction  limited  beam  position  stability 
in  time. 
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Figure  7.  Ou^ut  beam  characteristics  of  the  driver  oscUlatcM'  [30]: 
pulse  duration  12-15  ps;  pulse  energy  5-10  J;  average  power  up  to  500  W. 


To  obtain  the  pulse  energy  about  100  J  the  driver  oscillator  output  beam  was 
expanded  up  to  90  mm  in  diameter  and  directed  through  the  4.5  m-long  gain  medium 
of  the  intermediate  amplifier.  The  output  beam  with  pulse  energy  from  100  to  140  J 
had  a  homogeneous  intensity  distribution  in  the  cross-section  (Fig.  8a)  and  as  in  the 
case  of  DO  practically  the  diffraction  limited  beam  divergence  -SkIO"^  rad  (see  Fig.  8 
b,d)  and  a  rather  high  beam  position  stability  (Fig.  8c).  Some  noticeable  angular 
deviations  of  the  beam  at  repetition  rate  of  100  pps  (rms  value  -  0.2xDL)  were 
connected  with  small  mechanical  vibrations  of  optical  elements.  The  maximum 
average  power  of  the  beam  was  limited  by  some  technical  reasons  and  amounted  to 5 
KW.  This  beam  was  used  for  creation  of  two  pump  beams  with  pulse  energy  30  J  in 
each  beam  for  single  pulse  operation  (or  ~  15  J  at  repetition  rate  of  100  pps). 

The  phase  conjugate  mirror  was  designed  as  a  closed-cycle  device  with 
circulation  of  ^SFg  through  the  10x10  cm^  FWM-cell  to  remove  energy  absorbed  in 
the  nonlinear  medium  by  a  heat  exchanger.  The  gas  pressure  in  the  cell  was  kept  ^ut 
100  torr.  The  forward-going  pump  beam  and  the  aberrated  probe  beam  that  passed 
through  the  power  amplifier  intersected  in  the  cell  at  an  angle  about  30  mrad  and 
recorded  a  grating  in  the  medium.  The  second  pump  beam  produced  a  phase-conjugate 
beam  as  a  result  of  diffraction  at  this  grating. 

The  main  task  of  the  power  amplifier  design  was  rather  contradictory  because  it 
was  necessary  to  ensure  the  maximum  gain  for  the  beam  propagating  to  and  reflected 
off  the  PCM  and  to  achieve  at  the  same  time  the  maximum  extraction  efficiency  in  the 
amplifier.  As  was  shown  analytically  in  [19]  these  requirements  are  contrary  to  each 
other  in  CO2  two-pass  amplifier  with  PCM.  Besides  it  was  necessary  to  suppress 
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parasitic  oscillation  in  the  amplifier.  The  power  amplifier  design  was  complicated 
additionally  by  the  feet  that  about  a  quarter  of  its  cross-section  (20x40  cm^)  had  been 
alrea^  used  for  creation  of  the  driver  oscillator  and  intermediate  amplifier. 
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Figure  8.  Output  characteristics  ofthe  intermediate  an^lMer  [30]. 

As  followed  fi'om  preliminary  experiments  with  the  amplifier  the  total 
amplification  that  could  be  achieved  at  output  energy  density  fl-om  1.5  to  2  J/cm^  was 
about  10  per  4.5-m-long  pass  through  the  gain  medium.  Thus  to  obtain  amplification 
about  lO’  it  was  necessary  to  use  at  least  three  passes  through  the  gain  module  with  the 
total  length  of  gain  medium  about  13.5  m.  It  was  just  this  version  of  the  amplifier 
optical  schematic  that  has  been  used  in  experiments  with  PCM  and  besides  a  special 
geometry  [30]  ofthe  arrangement  has  been  chosen  to  suppress  parasitic  oscillations. 
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Bxpcrimontsl  invcstigstions  of  the  MOPA-PCM  dcscribod  sbovc  wore 
performed  both  in  a  single  pulse  and  repetition  rate  mode  of  operation.  The  typical 
near-  and  fer-field  patterns  of  the  amplifier  output  obtained  in  a  single  pulse  mode  are 
shown  in  Fig.  9  a  -  9d  A  somewhat  asymmetrical  intensity  distribution  in  the  output 
beam  cross-section  of  200  mm  in  diameter  (Fig,  9a)  was  connected  with  the  gain 
nonuniformity  in  the  discharge  volume.  The  maximum  pulse  energy  of  the  phase 
conjugate  beam  at  the  output  of  the  amplifier  was  about  1.2  KJ.  The  beam  divergence 
measured  by  a  calorimeter  with  the  use  of  standard  beam  sampling  techniques  was 
about  0,24  mrad  for  0.7  KJ  output  as  taken  at  0.8-level  of  full  energy  (see  Fig.  9b). 
That  makes  about  twice  the  diffraction  limit  for  the  beam  of  200  mm  in  diameter.  With 
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Figure  9.  Output  diararteristics  of  power  amplifier  with  the  phase  conjugate  mirror  [30]. 

allowance  made  for  the  above-mentioned  nonuniform  intensity  distribution  this  result 
is  indicative  of  rather  high  quality  of  PC  correction  for  wavefi'ont  distortions  in  the 
optical  train  of  the  amplifier  that  comprised  more  than  fifteen  optical  elements. 

In  experiments  carried  out  at  repetition  rate  of  100  pps  the  beam  divergence  of 
the  amplifier  output  was  a  little  larger  than  in  a  single  pulse  and  amounted  to  0.3  mrad 
(instead  of  0.24)  being  averaged  over  the  series  of  ^ut  100  pulses.  As  is  seen  from 
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Fig.  9c  where  a  fragment  of  a  100  pps-series  of  the  far-field  spots  is  shown  (obtained 
with  a  rotating  thermosensitive  disk)  this  might  be  connected  mainly  with  the  output 
beam  wandering  in  certain  of  the  pulses.  However,  the  rms  value  of  this  wandering 
was  less  that  2x10’^  rad  (about  0, 15  DL).  By  some  technical  reasons  [30]  the  maximum 
averaged  power  achieved  at  the  MOPA-PCM  output  was  40  KW. 

Thus  the  results  obtained  in  [30]  have  confirmed  the  cap^ility  of  FWM  phase- 
conjugate  mirrors  to  compensate  for  beam  distortions  in  the  hi^-energy  (up  to  1.2  KJ) 
and  high-power  (up  to  40  KW)  electron  beam  sustained  gas-flow  CQ2  laser  amplifier. 
This  was  the  first  to  our  kno^^edge  experimental  demonstration  of  MOPA-PCM 
arrangement  as  applied  to  CO2  lasers  operating  at  such  a  high  level  of  pulse  energies 
and  average  power. 


4.  Compensation  for  aberrations  in  the  output  beamsplitters 
of  MOPA-PCM  systems 

One  of  the  problems  in  implementation  of  high-average-power  MOPA-PCM 
arrangements  similar  to  that  presented  in  Fig.  6  is  connected  with  vibrations  or 
thermal  deformations  of  a  beamsplitter  v^ch  is  installed  at  the  exit  of  the  two-pass 
amplifier  and  usually  has  a  large  size  (e.g.  BS2  in  Fig.  6). 

It  is  easily  seen  (Fig.  10a)  that  the  distortions  acquired  by  the  beam  vAien  it 
reflects  from  the  tilted  beamsplitter  on  its  way  to  PCM  do  not  coincide  with  the 
distortions  suffered  by  the  conjugate  beam  as  it  propagates  through  the  beamsplitter. 
As  a  result  the  output  beam  will  deviate  at  2a  as  the  beamsplitter  is  tilted  at  angle  a. 
Similar  situation  takes  place  with  thermal  deformations  of  the  beamsplitter  (Fig.  10b) 
where  the  solid  lines  show  the  rays  path  for  a  perfect  beamsplitter  and  the  dashed  ones 
correspond  to  its  thermal  deformation.  Thus  PCM  does  not  compensate  for  distortions 
of  the  beamsplitter,  so  the  residual  error  can  be  very  significant  in  vibration 
environment  and  grows  as  the  size  of  the  beamsplitter  and  the  output  average  power 
are  scaled  up. 

This  problem  can  be  solved  if  we  use  as  the  beamsplitter  in  the  MOPA-PCM 
system  a  diffraction  grating  with  a  rather  small  number  of  grooves  per  millimeter 


a)  b) 

Figure  1 0.  Hie  influence  of  flie  beamsplitter  tilts  and  defonnaticn  on  the  ou^ut  beam. 
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(see  Fig.  11).  Similar  diffraction  beamsplitters  are  often  used  for  sampling  the  beams 
in  high-power  CO2  lasers  [31]  for  measuring  parameters  of  CQz  laser  radiation. 

The  idea  of  this  approach  is  based  on  the  fact  that  at  some  conditions  (see 
below)  small  tilts  of  a  mirror  with  a  diffraction  grating  on  its  surface  disturb 
practically  in  the  same  way,  at  one  hand,  the  probe  beam  diffracted  in  the  first  order 
and  propagating  to  PCM  and,  at  the  other,  the  phase  conjugate  beam  propagating  back 
and  reflecting  from  the  mirror  in  the  zeroth  order  to  yield  the  output  beam.  As  a  result 
the  distortions  can  be  cancelled  by  the  phase-conjugation  mirror. 

To  estimate  the  degree  of  compensation  or  the  residual  error  let  us  consider  the 
diffraction  of  a  plane  wave  .^1  on  the  grating  with  a  period  d  applied  at  the  surface  of 
a  mirror  (see  Fig.  11).  Let  y  is  the  angle  of  incidence  of  at  the  mirror  surface  and 

2d  —  the  angle  between  Ky  and  additional  hypothetical  plane  wave  whose 
interference  with  Ky  would  give  the  interference  pattern  coinciding  at  the  mirror 
surfece  with  the  grating.  In  terms  of  y  and  d  the  period  d  is  expressed  as  follows: 

d  =  X[2  Sind  cos(y  -  d)]"\  (1) 

Miere  X  -  the  wavelength. 

It  is  evident  that  the  wave 
vector  of  the  wave  diffracted  in 
the  first  order  will  coincide  with 
K\  v^ch  is  just  vector  K2 
reflected  fi-om  the  mirror.  As  a 
result  of  phase  conjugation  K\ 
will  be  replaced  by  (  -K\  )  which 
yields  after  specular  reflection 
from  the  mirror  vector  (-K^) 
inclined  to  the  normal  at  the 
angle  (y  -  2d).  Thus  in 

accordance  with  the  principles  of 
holography  the  output  plane 
wave  Kag  will  be  just  a 
“reversed”  plane  wave  K2  used 
for  “writing”  the  grating. 

Let  us  consider  now  a 
situation  in  which  the  direction 
of  the  incident  wave  Ky  remains 
the  same  but  the  mirror  is  tilted 
at  a  small  angle  a  (see  Fig.  lib) 
in  the  plane  orthogonal  to  the 
grooves.  In  a  coordinate  system 
of  the  tilted  mirror  the  angle  cp 


Figure  11.  Diffi-action  grating  as  a  beam^litter 
in  a  MOPA-PCM  arrangement 
a)  general  concept 
b)  beam  interaction  geometry. 
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between  the  normal  and  the  first  diffraction  order  is  given  by  a  well-known  equation: 

d  sinCy  +  a)  -  d  sin(p  =  X,  (2) 

which  together  with  (1)  yields 

sin(y  +  a)  -  sincp  =  2sinS  cos(y  -  S).  (3) 

As  seen  fi-om  (3),  at  a  =  0  we  obtain  cp  =  y  -  2^  in  accordance  with  said  above. 

At  a  0  there  will  be  some  deviation  of  the  diffracted  beam  from  its  initial 
direction  and  consequently  the  same  deviation  of  the  phase  conjugate  and  output 
beams.  A  straightforward  analysis  with  realistic  assumption  that  |a|  «  |y  ~  2^|  shows 
that  deviation  A  of  the  output  beam  fi-om  its  initial  direction  is  given  by  expression 


A  «  a[l- 


cos/ 

cos(>'-2i9) 


] 


(4) 


As  is  seen  from  (4)  this  deviation  can  be  much  less  than  the  mirror  tilt  a  if  the  angles 
of  incidence  and  diffraction  meet  the  requirement 

,  cosr  , 
cos(;^-2,9) 


There  are  two  areas  of  parameters  where  this  condition  can  be  met.  The  first 
corresponds  to  the  case  of  small  angles  of  incidence  and  diffraction  so  as  |y|  «  1, 
|y-2d)|  «  1,  where  both  cosine-functions  are  close  to  1.  The  second  area  is  in  the 
vicinity  of  the  angles  of  incidence  equal  to  a  half  of  the  diffraction  angle  y  =  ^  (both 
these  angles  are  allowed  not  to  be  small).  As  this  condition  is  met  exactly  the  beam 
diffracted  in  the  first  diffiraction  order  propagates  in  the  direction  exactly  opposite  to 
the  direction  of  the  incident  beam  (autocollimation  mode)  which  creates  some 


inconveniences.  However  in  the  vicinity  of  the  condition  y  =  0  this  geometry  can  be 
used  with  equal  success  though  in  distinction  to  the  case  of  small  angles  the  period  of 
the  diffraction  grating  is  much  smaller  at  large  angles  of  incidence  which  results  in 


some  additional  technological  difficulties. 

Estimations  show  that  both  geometries  can  provide  a  dramatic  reduction  in 
sensitivity  of  the  output  beam  direction  to  misalignments  and  vibrations  of  the  beam¬ 


splitter  as  well  as  to  its  deformation.  The  ratio 


SL 

"a 


which  is  a  measure  of  this  reduction 


can  exceed  10^  in  realistic  situations. 


5.  PCM-correction  for  dynamic  aberrations  in  beam-forming  output  telescopes 
with  DOE  on  the  primary  mirror 

The  optical  schematics  we  are  going  to  consider  in  this  Section  have  been  investigated 
analytically  and  experimentally  by  our  group  in  the  mid-80s  and  were  the  result  of  a 
natural  development  of  the  approach  discussed  in  the  previous  Section.  The  problem 
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that  was  necessary  to  solve  concerned  the  correction  for  aberrations  in  beam-director 
telescopes  expanding  the  output  laser  beam  in  systems  based  on  MOPA-PCM 
configuration.  The  conventional  configuration  of  such  a  system  is  shown  in  a 
simplified  form  in  Fig.  12a.  It  is  evident  from  the  Figure  that  aberrations  of  the 
telescope  (misfigure  aberrations  of  the  primary,  vibrations,  thermal  deformations  etc.) 
are  not  compensated  for  by  PCM.  As  a  result  the  angular  divergence  of  the  beam  when 
it  leaves  the  telescope  can  far  exceed  the  dif&action  limit  even  if  a  thorough  beam 
clean-up  has  been  performed  in  the  laser.  To  solve  this  problem  we  attempted  to 
include  the  output  telescope  into  a  phase  conjugation  loop  by  applying  a  specially 
designed  diffraction  optical  element  (DOE)  onto  the  surface  of  the  primary  mirror 
(Fig.  12b).  We  found  later  that  the  same  optical  schematic  had  been  put  forward  before 
by  O’Meara  [35]  at  Hughes  Research  Laboratory  but  have  never  seen  any  evidence  of 
its  experimental  verification. 

The  optical  schematic  shown  in  Fig.  12b  operates  as  follows.  A  weak  high 
quality  reference  beam  illuminates  the  primary  mirror  from  the  point  located  in  some 
plane  near  the  secondary  mirror.  A  small  portion  of  the  beam  is  diffracted  by  DOE  into 
the  first  order  and  acquires  the  distortions  brought  in  by  an  aberrated  amplifier  train  on 
its  way  to  PCM.  After  phase  conjugation  and  the  further  amplification  the  return  beam 
again  reflects  fi'om  the  primary  mirror  (this  time  in  the  zeroth  order).  As  in  the  case  of 
diffraction  gratings  discussed  in  the  previous  Section,  the  distortions  brought  in  by  the 
primary  mirror  into  the  beams,  diffracted  in  the  first  and  zeroth  orders,  are  almost 
equal  to  each  other  (see  below).  As  a  result  the  distortions  suffered  by  the  beam  in  the 


Figure  12,  Beam-fonmng  telescopes  with  PCM^con^eDsation  for  aberrations 
in  MOPA-PCM  systems 

a)  Conventional  configuration  of  MOPA-PCM  system  with  a  telescope 

b)  A  concept  based  on  the  telescope  with  DOE  on  the  primary  mirror. 
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jBrst  pass  through  the  telescope  and  the  amplifier  to  PCM  are  cancelled  in  the  return 
pass.  In  full  accordance  with  the  principles  of  holographic  correction  of  aberrations 
should  be  perfect  if  the  arrangement  of  “grooves”  in  the  diffraction  structure  on  the 
mirror  corresponds  exactly  to  the  interference  pattern  that  would  be  observed  if  we 
illuminate  the  primary  mirror  by  the  point-like  source  (as  is  shown  in  Fig  12b)  and  by 
the  wave  conjugated  to  the  wave  required  at  the  telescope  output  (in  our  case  by  the 
plane  wave  coming  along  the  axis  fi-om  the  infinity).  It  is  necessary  to  note  that  any 
static  aberrations  of  the  primary  including  the  most  pronounced  spherical  aberration 
will  be  fully  compensated  if  the  beam  diffracted  in  the  first  order  is  entirely  intercepted 
by  the  PCM. 

As  the  primary  mirror  with  the  DOE  applied  on  its  surface  is  deformed  or  tilted 
cfynamically  the  degree  of  compensation  should  decrease  because  the  conditions  of 
reading  out  the  “hologram”  do  not  coincide  now  with  those  for  “writing”  the  DOE. 
However  as  will  be  shown  below  it  can  be  very  high  for  realistic  conditions. 

To  evaluate  the  efficiency  of  aberration  correction  at  various  geometries  of  the 
telescope  let  us  consider  a  beam-forming  telescope  with  a  spherical  primary  mirror  of 
diameter  D  and  radius  of  curvature  R.  Let  the  reference  point-like  source  is  located  in 
point  O  located  near  the  plane  of  the  secondaiy  mirror  (see  Fig.  13).  Without  loss  of 
generality  we  consider  the  case  where  it  is  required  to  obtain  a  plane  wave  at  the 
output  of  the  telescope.  In  this  case  DOE  has  a  form  of  concentric  “grooves”  similar  to 
the  Fresnel  zone  plate.  Transversal  coordinate  x  of  the  angular  “groove”  with  a  number 
N(jc)  (where  N(x)  =  0,1,2...)  is  found  fi*om  the  evident  condition  for  positions  of 
interference  rings 

N(x)  X  =  p(jf)  -  z(x),  (6) 


where  p(x)  =  {x^ 


(7) 


and  z(x)  =  (R^  -  -  R  +  L 


(8) 
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are  the  distances  from  the  point  x  to  the  point  O  and  the  plane  OX  (see  Fig.  13) 
respectively.  The  total  amount  Nn,ax  of  rings  at  the  mirror  aperture  and  the  minimum 
distance  between  the  rings  tmin  are  given  by  expressions: 


XT  .. 


(9) 


As  the  reference  beam  is  reflected  from  the  primary  mirror  which  is  deformed,  tilted  or 
moved  in  some  direction  its  phase  on  the  surface  in  terms  of  x  has  the  form 

(Po(x)  =  (2n/X)  p  (xX  (10) 


where  p(x)  =  {^  +  ^  ^ 

is  the  distance  from  the  point  with  coordinate  x  at  the  surface  to  the  point  source  O, 
and  z  (x)  -  the  distance  from  the  same  point  to  the  plane  OX.  In  a  general  case  both 
values  p  (jr)  and  z  (jc)  differ  from  p(jc)  and  z(x)  respectively  due  to  some  changes  of 
the  mirror  surface  position. 

It  is  well-known  that  the  phase  profile  (pi(jr)  of  the  beam  diffracted  in  the  first 
order  of  a  grating  differs  from  that  in  the  zeroth  order  in  such  a  way  that  the  phase 
difference  changes  monotonously  by  2n  at  each  next  “groove”.  So  if  N(x)  is  the 
interference  ring  number  for  the  ring  located  at  x  the  first-order  beam  profile  (pi(x)  in 
terms  of  jc  at  the  mirror  surface  can  be  expressed  as  follows 

ipi0c)  =  ip,(x)-2n^(x)  (12) 

After  propagation  of  this  beam  to  the  PCM  and  back  a  wavefront  deformation  arising 
along  the  path  will  be  cancelled.  So  the  phase  profile  ([)2(Jt:)  in  the  beam  incident  again 
at  the  mirror  will  be  equal  to  (-(pi(jif)). 

And  now  to  obtain  the  phase  distribution  which  the  beam  will  have  at  the 
telescope  output  it  is  necessary  to  add  (27t/X)  z  (x)  to  <p2(x).  (See  Fig.  13). 

So  the  final  expression  for  (pout(jf)  which  can  be  considered  as  a  residual  error  of 
aberration  correction  has  the  form 

<Pout(^)  =  (2n/X)  [p(:<:)  -  p  (at)  --  z(x)  +  z  (x)]  (13) 

where  p(jf)  and  z(x)  are  defined  by  (7)  and  (8).  As  follows  from  (13)  if  the 
mirror  is  not  deformed  at  its  position  relative  to  the  point-source  not  changed, 
p(^)  =p  (at)  and  z(ji:)  =  z  (at),  so  (pout(Jf)  =  0.  Thus  we  obtain  a  full  compensation  for 
spherical  aberration  as  was  noted  above. 

Let  us  consider  now  ^namic  variations  of  the  mirror  surface  profile  and 
estimate  a  degree  of  their  correction  by  the  PCM. 

Let  the  mirror  with  the  DOE  on  its  surface  is  tilted  at  a  small  angle  a  so  that 
the  position  of  the  point  where  the  surface  is  crossed  by  the  axis  is  remained 
unchanged.  At  small  angles  a«(2LA)^^  which  are  really  of  interest  we  can  assume 
that  the  transverse  coordinates  of  grooves  do  not  change  and  besides  z  «[R^  -  (x- 

R+  L  where  a  »  h/R. 
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Using  (13)  we  obtain  for  this  case: 

,  .  27t  JC’  (14) 

Thus  in  the  linear  (in  terms  of  x/L)  approximation  the  primary  tilt  a  is  fully 
cancelled  and  the  beam  axis  position  remains  exactly  the  same.  According  to  (14)  the 
output  beam  wavefront  has  some  residual  third-order  wave  aberration  achieving  its 
m^YiTmim  at  \x\  =  D/2.  Assuming  the  maximum  angle  of  the  wavefront  local  tilt  be 
equal  to  %/D  we  obtain  the  maximum  tolerable  tilt  of  the  primary  mirror 

8L^  £  (15) 

^  3D^  ■  D  ' 

It  is  seen  from  (15),  that  using  the  telescope  with  DOE  on  the  primary  mirror  it  is 
possible  to  obtain  at  large  L/D  »  1  the  orders  of  magnitude  gain  in  the  tolerable  error 
of  the  primary  mirror  alignment  procedure.  Note  that  cw  does  not  depend  within  the 
assumption  made  on  R,  i.e.  on  the  telescope  magnification. 

Let  us  consider  now  the  case  of  small  variations  in  the  primary  mirror  curvature 


R’ 


(16) 


that  can  arise  for  example  as  a  result  of  thermal  deformations. 

Following  the  same  procedure  of  calculations  for  <pout(Js^)  defined  by  (13)  and  in 
view  of  z  (jc)  written  now  as  z  (;c)  =  I(R'-  +  L]  we  obtain  for  the  residual 

error 


q>out(^) « 


(17) 


It  follows  from  (17)  that  quadratic  in  terms  of  jc  distortions  are  fully  cancelled 
and  the  residual  error  is  determined  by  a  forth-order  term.  Assuming  again  that 
maximum  toler^le  local  tilt  of  the  output  beam  wavefront  at  the  edge  \x\=DI2  is  equal 
to  %ID  we  obtain  for  the  tolerable  sag  S„ax  of  the  mirror  surface 


(18) 


This  condition  is  again  the  orders  of  magnitude  less  stringent  than  that  used  for 
primary  mirrors  in  traditional  beam-forming  telescopes. 

Let  us  estimate  the  residual  error  arising  due  to  thermal  expansion  of  the 
primary  when  a  transverse  coordinate  x  is  increased  due  to  temperature  growth  AT 
approximately  by  Ac  =  iccAT,  where  k  -  thermal  expansion  coefficient.  As  follows 
from  (13)  for  this  case 

,  ,  27c  kTjc^  (19) 
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Thus,  to  provide  the  local  tilt  at  the  beam  edge  not  to  exceed  X/D  we  must  meet  the 
following  requirement 

AD  =  kAT-D  <  —  = 

D  2  ’ 

meaning  that  the  beam  diameter  growth  AD  due  to  expansion  should  not  exceed  the 
half  of  the  grooves  period  at  the  mirror  edge.  This  requirement  can  be  met  in  practice 
by  a  proper  design  of  the  mirror. 

Some  limitations  are  imposed  on  the  system  performance  by  the  spectral  width 
A%  of  the  point-source  radiation  due  to  dispersion  of  the  DOE,  because  in  the  return 
pass  the  beam  is  reflected  in  a  specular  way,  i.e.  at  equal  angles  for  each  spectral 
components.  A  straight-forward  analysis  shows  that  the  coherence  length  of  the 
radiation  Uh  =  A,VaX.  should  exceed  D^/2L.  This  requirement  can  be  easily  met  for  CO2 
lasers. 

The  first  to  our  knowledge  experimental  verification  of  this  approach  to 
correction  of  varying  in  time  aberrations  of  a  beam-forming  telescope  primary  has 
been  performed  by  our  group  and  described  in  [36]  (see  also  [24]).  Experimental  setup 
is  shown  in  Fig.  14.  A  TEA  CQ2  laser  operating  in  the  fundamental  mode  at  pulse 
repetition  rate  up  to  40  pps  with  pulse  energy  ~  3  J  in  the  P20  line  produced  two  beams 
for  pumping  a  FWM  PCM  with  SFg  as  the  nonlinear  medium  and  a  reference  point- 
source  beam.  Experiments  were  carried  out  with  a  model  telescope  (D  =  120  mm, 

TEA  CP2  laser  -  P20 

Output  energy  -  3J 

Repetition  rate  -  up  to  40  pps 
Beam  divergence  -  1.3  mrad 


Figure  1 4.  Optical  schematic  for  demonstraUon  of  dynamic  aberration  correction  via  phase 
canjugaticm  in  (he  beam-forming  telescope  with  DOE  on  the  primary  mirror 
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L  =  1.2  m,  magnification  M  =  5)  having  a  DOE  with  a  diffraction  efBciency  of  5% 
applied  on  the  primaiy  mirror  surface  (minimum  period  tnun  =  0.21  mm).  About  40  mJ 
beam  was  injected  into  the  telescope  as  the  reference  beam,  so  ^ut  2  mJ-beam  was 
diffracted  by  DOE  in  the  first  order  and  directed  to  the  PCM.  For  such  a  small  signal 
the  reflectivity  of  the  PCM  was  about  200%.  The  conjugate  beam  from  the  PCM 
propagated  back  to  the  primary  mirror  and  after  the  specular  reflection  fi*om  the  mirror 
was  registered  in  the  far-field. 

To  verify  capability  of  the  optical  schematic  to  compensate  for  dynamic 
^rrations  the  primary  mirror  was  tilted  at  an  angle  a  that  was  increased  gradually  in 
time.  Theoretical  estimate  (see  [15])  for  the  angle  a  that  can  be  compensated  gives 
Omax  =  ±266  X/D  for  the  telescope  geometry  used.  In  experiments  the  output  beam  was 
observed  up  to  angles  a  «  ±120  XfD.  In  full  accordance  with  theoretical  estimates  the 
outgoing  beam  direction  remained  the  same  in  all  the  range  of  the  tilt  variation  with 
accuracy  equal  to  small  parts  of  the  diffraction  angle.  The  drop  of  output  beam  energy 
as  a  function  of  a  to  0.5  of  the  maximum  value  at  a  «  +65  XfD  and  to  zero  at  a  w  ±120 
%fD  was  connected  with  vignetting  the  beam  caused  by  the  primary  mirror  tilt.  The 
role  of  vignetting  can  be  reduced  significantly  by  increasing  D/L  and  by  the  proper 
choice  of  the  telescope  geometry. 

Estimations  show  that  using  the  approach  discussed  above  it  is  possible  to 
create  a  high  numerical  aperture  beam  director  telescope  with  D=lm,  L  =  2m  and 
magnification  M  =  10.  The  minimum  period  of  DOE  grooves  tnm  in  this  telescope  will 
be  about  20  ^im  (for  operation  with  a  CO2  laser  as  the  reference)  which  is  well  within 
the  capability  of  technology.  Such  a  telescope  geometry  should  provide  compensation 
for  the  primary  mirror  cfynamic  tilts  up  to  ±11  X/D,  dynamic  spherical  deformation  of 
the  primary  up  to  --  4X  and  allow  temperature  variations  AT<4°  (for  expansion 
coefficient  ~  10"^).  Note  again  that  in  this  approach  static  aberrations  of  the  primaiy 
(spherical  aberration  and  manufacturing  errors)  are  also  compensated  as  well  as 
^rrations  of  the  secondary  mirror  and  of  the  amplifier  optical  train. 


6.  PC  beam  control  in  a  telescope  with  DO£  on  the  primary  mirror 

In  many  applications  it  is  necessary  to  control  dynamically  the  direction  of  the  beam  at 
the  output  of  the  beam-forming  telescope  and  the  curvature  of  its  wavefront.  Using  a 
telescope  with  DOE  on  the  primary  one  can  do  it  in  a  natural  way  by  control  of 
corresponding  parameters  of  a  weak  reference  beam  illuminating  DOE  with 
subsequent  phase  conjugation  and  amplification  of  the  diffracted  beam. 

Let  us  analyze  the  wavefront  profile  of  the  beam  leaving  the  telescope  output 
(See  Fig.  13)  v/hen  the  point-source  changes  its  distance  to  the  primary  mirror 
or  transversal  position. 

Let  the  distance  between  the  primary  mirror  and  the  point-source  is  decreased 
by  a  small  amount  5  and  equal  to  L  =  L  -  5  (here  5  «  L).  In  this  case  z  (x)  and  p  (x) 
in  (13)  take  the  form 

z(x)»[R^-je^]^-R+L-5;  p(jf)=[*^+ 


(21) 
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Substituting  these  expressions  into  (13)  and  keeping  the  lowest  order  terms  comprising 
X  and  5  yields  the  profile  of  the  output  beam  wavefront 


2tz  5  ^  In 


(R-L)  (3R-L) 


(22) 


Thus  in  the  first  approximation  we  have  at  the  telescope  output  a  converging  wave 
focusing  at  a  distance 

f=LV5.  (23) 

Note  that  in  distinction  to  conventional  optical  systems,  decreasing  the  distance  from 
the  point-source  to  the  concave  primary  mirror  results  in  a  converging  wave  instead  of 
a  divergent  one.  The  residual  aberration  described  by  the  second  term  in  (22)  limits  the 
maximum  tolerable  value  of  5  and  the  minimum  distance  of  focusing  f„,i„. 

Assuming  as  before  the  minimum  acceptable  tilt  of  the  wavefi'ont  at  \x\  =  D/2  to 
be  equal  to  X/D  we  obtain  for  magnification  M  »  1 


^  16L"  ^  R" 

D"  (R-L)(3R-L) 


(24) 


So  the  minimum  distance  fnon  at  which  the  focusing  will  not  result  in  a  significant 
degradation  of  the  beam  will  be  given  by  expression 


In  the  example  of  the  telescope  considered  in  the  previous  Section  (D=l  m;  L=2  m; 
M  =  10)  fnrin  will  be  about  2  km  and  will  be  realized  at  »  19  mm  if  the  point 
source  is  located  in  the  plane  of  the  secondary  mirror. 

Using  (23)  it  is  possible  to  determine  the  range  of  the  system  “insensitivity”  to 
longitudinal  displacements  of  the  point-source 


Let  us  consider  now  a  possibility  of  the  output  beam  direction  control  using  the 
beam-forming  telescope  of  Fig,  13.  Let  the  point-source  illuminating  the  primary  is 
displaced  in  a  transversal  direction  at  a  small  distance  H  «  D  <  L.  Using  (13)  and  the 
calculation  procedure  similar  to  those  used  above  we  can  show  that  the  output 
wavefi’ont  in  this  case  will  be  as  follows: 


tPout(Jc) « 


InfEx  ^ 

X  I  L  2RLV 


(27) 


(We  kept  here  only  the  lowest  components  of  the  series  in  terms  of  H/L  and  x/L). 

As  seen  fi-om  (27)  the  output  beam  is  deviated  as  a  whole  at  angle  B/L.  Note 
again  that  the  deviation  takes  place  in  the  direction  of  the  point-source  displacement 
and  not  vice  versa  as  in  traditional  optical  systems  without  phase  conjugation.  Making 
the  wavefront  local  tilt  arising  at  the  beam  edge  due  to  the  second  term  in  (27)  be  equal 
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to  X/D  we  obtain  a  maximum  deviation  angle  «  ±  fbr  which  the  beam 

steering  does  not  result  in  a  significant  degradation  of  the  beam  quality: 

.  8RL  X  (28) 


1^. 


3D'  D 


It  follows  from  (28)  that  at  M»1  weakly  depends  on  M  and  always 
exceeds  16L^X/(3D^).  In  the  example  given  above  this  amount  is  close  to  21X/D. 
Experimental  demonstration  of  beam-steering  using  PCM  in  a  telescope  with  DOE  on 
the  primary  mirror  was  carried  out  with  the  same  setup  (Fig.  14)  [36,24]  that  was  used 
before  for  verification  of  aberration  correction. 

It  was  shown  in  the  experiments  that  the  direction  of  the  output  beam  is 
determined  as  was  expected  by  the  transverse  position  of  the  reference  point-source  and 
depends  on  its  displacement  H  in  a  full  accordance  with  (27).The  beam  divergence 
remained  in  all  the  experiments  close  to  the  diffraction  limit.  However,  similarly  to 
experiments  on  compensation  for  primary  mirror  tilts  described  in  the  previous  Section 
the  maximum  angle  achieved  in  experiments  on  beam-steering  was  limited  by 
technical  features  of  optical  components  used  and  did  not  exceed  +44X/D. 

At  such  angles  the  output  beam  energy  decreased  two  times  due  to  vignetting  by 
optical  elements.  Nevertheless  these  experiments  have  verified  feasibility  of  PC  beam¬ 
steering  in  telescopes  with  DOE  on  the  primary  and  showed  the  potential  advantages 
of  this  approach. 


7.  PCM-correction  for  a  segmented  mirror  via  dynamic  HOE  on  its  surface  [37] 

As  follows  Jfrom  the  previous  Sections  applying  DOE  on  the  primary  mirror  of  the 
telescope  provides  a  powerful  approach  to  phase  conjugation  correction  for  aberrations 
in  a  telescope  forming  the  laser  beam  at  the  output  of  a  MOPA  system  with  a  phase 
conjugate  mirror. 

However,  substantial  restriction  on  application  of  this  concept  is  imposed  by  the 
technological  complexity  of  producing  the  DOE  on  a  mirror  surface  of  more  than 
50-100  cm  across.  The  use  of  segmented  primary  mirror  with  separate  fragments  of  the 
DOE  is  not  a  reme^  in  this  case  because  the  distortions  caused  by  transverse 
displacements  of  the  segments  during  their  initial  installation  are  not  compensated 
since  the  procedure  of  transverse  matching  of  the  grooves  on  the  adjacent  segments  is 
very  difficult  and  practically  impossible  when  the  telescope  numerical  aperture  is  large 
(the  grooves  period  at  the  mirror  edge  being  comparable  with  the  laser  wavelength). 

A  possible  solution  of  this  problem  was  proposed  and  verified  experimentally  by 
our  group  in  [37].  The  idea  of  this  solution  is  illustrated  in  Fig.  15  and  is  based  on  the 
use  of  a  dynamically  recorded  holographic  optical  element  (HOE)  instead  of  the  static 
DOE  on  the  primaiy  mirror.  The  dynamic  HOE  is  written  by  two  auxiliary  laser  beams 
in  a  layer  of  a  nonlinear  medium  specially  applied  on  the  mirror  surface  (see  Fig.  15). 
This  cfynamic  HOE  can  be  rewritten  just  before  each  pulse  of  the  MOPA-PCM  system, 
so  the  precise  initial  matching  of  “grooves”  at  the  separate  segments  of  the  primary 
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AUXIUARY  LASER  BEAMS 


MASTER 

OSCILLATOR 

X, 

Figure  15.  Concept  of  segicnented  mirror  PCM-oonqjensation 
using  die  dynamic  HOE  on  the  primary  mirror.  [37] 


mirror  is  not  required  and  is  provided  automatically.  Thus  all  the  ^rrations  of  the 
primary  including  tilts  and  piston  shifts  of  the  segments  should  be  cancelled  by  phase 
conjugation  just  in  the  same  way  as  it  had  been  demonstrated  before  for  the  solid 
primary  mirror  with  the  static  DOE  on  its  surface.  It  is  evident  that  the  efficiency  of 
aberration  correction  using  the  dynamic  HOE  should  be  in  general  higher  than  that  in 
case  of  the  static  DOE  even  for  the  solid  primary,  because  for  all  deformations  and 
displacements  of  the  primary  only  HOE  provides  exact  positioning  of  “grooves”  on 
their  proper  places  corresponding  to  the  deformed  profile  of  the  primary  mirror 
surface.  The  difference  between  DOE  and  dynamic  HOE  in  terms  of  compensation 
efficiency  is  most  pronounced  in  the  sensitivity  of  the  telescope  to  variations  in  the 
distance  between  the  point-source  reference  and  the  primary  mirror.  In  distinction  to 
the  case  of  DOE  (see  expression  (26))  where  these  variations  resulted  in  converging  or 
diverging  wave  (depenchng  on  the  variation  sign)  the  telescope  with  dynamic  HOE  on 
the  primary  should  be  practically  insensitive  to  longitudinal  relative  displacements  of 
the  reference  source  and  the  primary. 

To  carry  out  the  experiments  on  the  aberration  correction  using  the  dynamic 
HOE  on  the  mirror  we  manufactured  a  two-segment  mirror  with  a  germanium  layer  on 
its  surface  as  the  nonlinear  medium  [37].  The  optical  schematic  of  the  experiment  is 
shown  in  Fig.  16.  A  small  active  volume  TEA  CO2  laser  with  the  wavelength  control 
and  an  amplifier  were  used  to  produce  a  high-quality  laser  beam  on  the  P24  line  of  the 
10.4  pm  transition  with  2.3  J-pulse  energy  and  pulse  duration  about  1  ps.  Two  pump 
beams  with  total  energy  of  0.45  J  were  formed  reflection  of  the  beam  from  different 
faces  of  beamsplitter  BSl  and  pumped  a  FWM-cell  with  ^"^SF^  at  the  pressure 
of  150  torr. 

The  beam  of  the  CO2  amplifier  that  passed  through  the  beamsplitter  (with  pulse 
energy  ^ut  0.8  J)  was  directed  onto  the  two-segment  mirror  as  a  probe  beam.  This 
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beam  simulated  the  reference  beam  illuminating  the  segmented  primary  mirror  as  was 
shown  in  Fig.  15. 

The  cfynamic  HOE  was  written  in  the  surface  Ge-layer  of  the  two-segmented 
mirror  by  two  interfering  beams  of  a  Nd^:YAG  laser  generating  free  carriers  in  Ge  at 
interference  maximums.  Their  total  energy  was  about  0.2  J  for  pulse  duration  of  about 
0.5  ps  (see  Fig.  16).  The  energy  density  of  each  writing  beam  was  close  to  50  mJ/cm^. 
In  such  conditions  the  diffraction  efficiency  was  about  1%  for  CQ2  laser  radiation  so 
the  beam  diffracted  in  a  first  diffraction  order  and  carrying  information  about 
aberrations  of  the  two-segment  mirror  had  about  4  mJ  energy  being  delivered  to  the 
PCM.  After  the  phase-conjugate  reflection  with  a  reflectivity  exceeding  100%  the 
beam  propagated  back,  reflected  specularly  fi'om  the  two-segment  mirror  in  the  zeroth 
order  and  entered  the  recording  system  (see  Fig.  16)  for  evaluation  the  correction 
degree  for  aberrations  brought  in  by  the  mirror. 


Figure  16.  Basic  optical  schematic  of  the  ejq)eriment  on  aberration  corredion  with  HOE  on  the  mirror  [37]. 

In  the  course  of  the  experiments  two  segments  of  the  Ge-coated  mirror  with  the 
dynamic  HOE  were  inclined  and  shifted  relative  to  one  another.  The  largest  tilt  angles 
Qmax  6Vd2  (where  =  10.6  pm  and  da  =  15  mm  is  the  CQ2  laser  beam  diameter  on 
the  diffraction  structure)  were  limited  by  the  angle  of  view  of  the  PCM  that  was  equal 
to  about  10  mrad.  The  piston  shifts  varied  from  zero  to  2  mm. 

Besides  the  far-field  spot  of  the  phase-conjugate  beam  reflected  from  the  two- 
segment  mirror  it  was  possible  to  observe  simultaneously  during  the  experiment  the 
CQz  laser  beam  diffracted  in  the  second  diffraction  order  by  the  HOE  written  on  the 
mirror  surface.  This  beam  was  not  intercepted  by  the  PCM  and  was  “reflected”  from 
the  mirror  only  once.  So  its  far-field  spot  should  be  distorted  by  the  mirror  and  can  be 
used  for  comparison  to  demonstrate  the  degree  and  quality  of  the  aberration  correction. 

The  photographs  of  CO2  laser  beams  obtained  in  the  experiments  [37]  on  a 
conventional  photographic  film  using  a  subsequent  exposition  by  a  flash  of  the  visible 
light  are  shown  in  Fig.  17.  The  upper  patterns  in  the  Figure  represent  the  far-field 
radiation  distributions  obtained  in  the  second  diffraction  order,  the  bottom  ones  show 
the  far-field  prints  of  the  phase  conjugate  beam  being  reflected  the  second  time  by  the 
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two-segment  mirror.  Fig.  17  a,b,c  correspond  to  different  tilts  of  the  segments  (from 
zero  in  Fig.  17a  to  2.5  mrad  in  Fig.  17b  and  4.5  mrad  »  6X2/<k  in  Fig.  17c).  As  seen 
from  the  Figure,  in  spite  of  a  severe  tilt  of  the  segments,  which  is  evident  from  the 
growing  angular  distance  6  (see  upper  patterns  in  Fig.  17  b,c)  between  the  two  beams 
reflected  by  the  segments,  phase  conjugate  beams  (  the  bottom  spots  )  retain  their 
initial  beam  quality.  The  same  quality  was  observed  when  a  severe  piston  shift  was 
brought  between  segments  (up  to  2  mm)  (see  Fig.  17d). 


Figure  1 7.  Far-field  patterns  of  radiation  reflected  by  the  two-segment  mirror 
with  the  dynamic  HOE  on  the  surface  [37]: 

-  upper  ^ots  -  the  beams  reflected  in  the  second  diffraction  order 
-  bottom  spots  -  the  beams  obtained  with  PC  correction  of  aberrations 
a)  segments  are  aligned  accurately 

b)  one  of  the  segments  is  tilted  at  2.5  mrad 

c)  one  of  the  segments  is  tilted  at  4.5  mrad 

d)  segments  are  aligned,  piston  shift  is  equal  to  2  mm. 


Thus  for  the  first  time  to  our  knowledge,  we  demonstrated  in  experiments  with 
a  CO2  laser  the  feasibility  to  correct  for  aberrations  of  a  segmented  mirror  using  phase 
conjugation  in  the  optical  schematic  comprising  the  dynamic  HOE  recorded  by  an 
auxiliary  laser  source  in  a  thin  layer  of  a  nonlinear  material  on  the  mirror  surface.  In 
our  case  the  temporal  behavior  of  the  hologram  was  determined  by  the  charge  carriers 
generation  and  recombination  time  in  Ge  and  the  response  time  was  of  the  order 
of  lO'^s  so  potentially  this  schematic  was  capable  of  compensating  for  dynamic 
aberrations  of  the  segmented  mirror  with  frequencies  up  to  several  megahertz.  The 
practical  significance  of  this  technique  substantially  depends  on  the  progress  in 
development  of  novel  nonlinear  media,  however  even  at  present  this  approach  to 
aberration  correction  seems  to  be  promising  in  some  applications. 


8.  Aperture  scaling  of  laser  beam-forming  telescopes  using  phase  conjugation 

In  some  applications,  for  instance,  when  constructing  a  very  long-distance  space 
communication  system  based  on  CQ2  lasers,  it  can  be  required  to  have  a  spacebom 
transmitting  telescope  of  tens  meters  in  diameter.  The  only  approach  to  creation  of 
such  a  beam-director  telescope  is  based  on  the  use  of  a  multi-segment  primary  mirror 
with  phase  conjugation  compensation  for  the  beam  distortions  arising  due  to  misfigure 
aberrations  of  each  segment  and  to  their  mutual  misalignments  and  piston  shifts. 
However  application  of  PC  correction  techniques  described  in  the  previous  Sections  is 
not  realistic  in  this  case  because  of  very  large  sizes  of  the  segments. 
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The  problem  can  be  solved  using  the  optical  schematic  proposed  and  developed 
at  our  Institute  by  Leshchev  and  his  colleagues  several  years  ago  [38].  In  Russian 
literature  this  optical  schematic  is  referred  to  as  "TENOCOM"  (Telescope  with 
Nonlinear-Optical  Compensation). 

In  the  basis  of  the  approach  is  a  very  ingenious  combination  of  two  different 
phase  conjugation  techniques  of  aberration  correction  in  optical  systems.  One  of  them 
is  the  technique  described  in  Section  6  and  based  on  application  of  DOE  on  the  mirror 
of  the  optical  system  to  be  corrected  by  a  PCM.  The  other  is  the  so  called  "by-pass" 
technique  of  phase  conjugation  correction  for  aberrations  in  optical  systems  [39].  The 
"by-pass"  technique  uses  a  standard  two-pass  concept  of  phase  conjugation  correction 
for  distortions  in  a  poor-quality  optical  element  but  in  distinction  to  the  traditional 
approach  comprises  some  auxiliary  low-dimension  and  high-quality  optical  elements. 
Being  brought  into  the  system  so  as  to  affect  the  return  beam  only  (usually  it  is 
achieved  by  application  of  a  polarization-type  beamsplitter  directing  the  beam  through 
a  by-pass  channel)  these  elements  to  image  the  distorted  element  (e.g.  the  primaiy 
mirror)  onto  itself  after  the  round  trip  from  the  distorted  mirror  to  the  PCM  and  back. 
As  a  result  the  distortions  of  the  mirror  turn  to  be  compensated  due  to  phase 
conjugation  though  the  wavefronts  of  the  input  and  output  beams  are  not  phase- 
conjugate  replicas  of  each  other  in  this  case. 

The  optical  schematic  of  TENOCOM  is  shown  in  Fig.  18.  It  operates  as  follows. 
A  reference  point-source  beam  illuminates  segmented  primaiy  mirror  1  from  the  point 
close  to  the  primary’s  centre  of  curvature.  The  reflected  beam  bearing  information 
about  the  primary’s  distortions  is  intercepted  by  small  concave  mirror  2  (see  Fig.  18) 
and  is  directed  through  lens  3  to  additional  convex  mirror  4  and  then  to  secondary 
mirror  5  of  the  telescope.  On  its  surface  there  is  a  specially  applied  DOE  equivalent  to 
a  concave  mirror.  Then  the  radiation  diffracted  in  the  (-1)  diffraction  order  is  reflected 
with  phase  reversal  by  the  phase  conjugate  mirror  (PCM)  and  directed  again  to 
secondary  mirror  5.  The  parameters  of  all  the  elements  are  chosen  in  such  a  way  that 
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after  reflection  from  the  secondary  mirror  each  ray  hits  just  the  same  point  at  the 
primary  which  it  started  from  on  the  first  pass.  (It  means  that  the  primary  is  imaged 
onto  itself  after  the  round  trip  of  the  radiation  through  the  system.)  As  a  result  the 
distortions  of  the  primary  mirror  should  be  cancelled  in  the  output  beam  (see  Fig.  18) 
due  to  phase  conjugation.  It  is  easily  seen  that  distortions  brought  in  by  the  secondary 
mirror  as  well  as  by  any  optical  elements  placed  between  this  mirror  and  PCM  should 
be  also  cancelled  by  phase  conjugation  in  accordance  with  the  correction  technique 
described  in  Section  6. 

The  first  experiments  on  aberration  correction  in  TENOCOM  have  been  briefly 
described  in  [38].  They  were  carried  out  with  a  low  energy  (~1  J  output)  TEA  CQz 
laser  and  a  FWM  phase  conjugate  mirror  with  ^'*SF6  as  the  nonlinear  medium.  The 
telescope  primary  of  400  mm  in  diameter  and  the  focal  length  of  2  m  comprised  6 
elements.  The  magnification  of  the  telescope  was  equal  to  6.5.  The  DOE  was  applied 
on  the  secondary  mirror  of  60  mm  in  diameter  by  the  photolitographic  technique. 
Some  results  of  the  experiment  are  shown  in  Fig.  19.  Here  the  photographs  of  the  far- 
field  patterns  are  presented  for  the  reference  beam,  reflected  only  once  1^  the  primary 
mirror  with  deliberately  misaligned  segments  (Fig.  19a)  and  for  the  beam  at  the  output 
of  TENOCOM  (Fig.  19b).  Comparison  of  these  patterns  shows  a  dramatic 
improvement  of  the  beam  quality  due  to  phase  conjugation  and  demonstrates 
practically  diffraction  limited  performance  of  the  system  in  spite  of  severe 

misalignments  of  the  segments  and  their  misfigure  aberrations. 

a 


Figure  19.  E>qperimental  resuhs  on  abeiration  correction  using  TENOCOM 
a)  far-field  pattern  of  the  beam  reflected  by  the  segmented  primary  mirror 
with  the  misaligned  segments  [38] 
b)  far-field  pattern  of  the  beam  at  the  TENOCOM  ou^ut  [38] 
c)  far-field  patterns  obtained  with  TENOCOM  in  a  pulse  repetition  mode; 
upper  trace  -  without  PC  correction;  lower  trace  -  with  PC  correction  [40]. 
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The  maximum  tilt  of  segments  that  was  compensated  for  in  the  experiments  was 
up  to  28  XID  and  was  limited  due  to  vignetting  the  beam  by  some  elements  of  the 
optical  schematic.  The  maximum  piston  shift  amounted  to  150  X.  In  all  these  cases  the 
diffraction  limited  performance  was  obtained  which  is  absolutely  impossible  to  achieve 
using  conventional  optics  with  such  aberrations. 

Later  on  similar  experiments  were  carried  out  1^  our  group  with  the  same  six- 
segment  telescope  TENOCOM  on  the  base  of  a  repetitively  pulsed  e-beam  sustained 
CQz  laser  [40].  The  laser  operated  with  the  repetition  rate  of  50  pps.  As  the  nonlinear 
medium  of  the  FWM  PCM  a  small  part  of  the  gain  medium  of  the  reference  laser  was 
used  with  the  LIMP  effect  as  the  mechanism  for  writing  the  gratings  [27].  Similarly  to 
the  experiments  described  above  the  segments  of  the  primary  mirror  were  misaligned 
in  radial  direction  at  ^proximately  equal  angles  so  that  the  f^-field  pattern  of  the 
beam  distorted  by  the  primary  looked  like  a  “star”  shown  in  Fig.  19c  (the  sixth  spot  is 
not  seen  because  of  vignetting  the  beam  by  a  mount  of  one  of  optical  elements).  The 
primary  mirror  as  a  whole  was  brought  into  oscillation  by  a  special  mechanical  driver 
with  a  frequency  ^ut  12  Hz,  so  the  beam  reflected  from  the  primary  mirror  moved 
periodically  in  vertical  direction  (see  Fig.  19c,  the  upper  traced  In  spite  of  all  these 
aberrations  the  output  of  the  TENOCOM  system  retained  its  initial  direction  from 
pulse  to  pulse  and  its  divergence  was  close  to  the  diffraction  limited  (see  Fig.  19c,  the 
bottom  trace).  Thus  the  results  of  the  experiments  have  confirmed  feasibility  of  phase 
conjugation  correction  for  aberrations  in  a  beam-forming  telescope  using  TENOCOM 
concept  and  demonstrated  high  compensation  capabilities  of  this  optical  schematic. 


9.  Further  progress  and  problems  to  be  solved 

Thus  we  have  seen  that  phase  conjugation  can  be  a  powerful  technique  for  solving  the 
problems  of  CO2  laser  beam  divergence  and  beam-forming  using  large-aperture  output 
telescopes. 

Application  of  four-wave  mixing  phase-conjugate  mirrors  enables  realizing  the 
diffraction  limited  performance  of  CQ2  laser  systems  with  parameters  that  in  principle 
can  not  be  achieved  by  traditional  techniques.  However  not  everything  is  so  simple 
^ut  application  of  phase  conjugation  in  CQ2  laser  systems  as  it  prob^ly  seemed  to 
be  at  a  glance.  The  most  serious  of  them  is  connected  with  necessity  to  have  a  separate 
and  rather  powerful  laser  oscillator  to  provide  high-quality  pumping  beams.  Usually 
one  needs  to  have  two  10  J-pump  beams  to  obtain  a  phase  conjugate  beam  with  pulse 
energy  from  1  to  2  Joules.  When  the  master  oscillator  is  scaled  up  in  average  power  it 
becomes  difficult  to  provide  high  optical  quality  of  the  pumps.  So  application  of  FWM 
PCM  turns  to  be  reasonable  only  in  combination  with  a  long  and  high-gain  laser 
amplifier  whose  output  is  at  least  an  order  of  magnitude  higher  than  that  of  the  master 
oscillator. 

On  the  other  hand  as  the  two-pass  amplifier  with  a  PCM  is  scaled  up  in  length 
the  two  additional  problems  can  arise.  If  the  master  oscillator  is  placed  in  the  vicinity 
of  the  PCM  it  becomes  necessary  to  have  a  long  delay  line  in  the  pumping  beam  path 
to  equalize  the  optical  paths  of  the  beams  interfering  in  the  FWM  cell.  This  can  be  a 
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problem  in  vibration  environment.  The  second  problem  concerns  the  amplifier  angle  of 
view.  It  should  be  large  to  pass  the  probe  beam  distorted  by  aberrations  (e.g.  severe 
aberrations  of  a  segmented  mirror  telescope)  without  losses.  One  of  the  ways  to  enlarge 
it  is  based  on  the  use  of  image  relay  systems  within  the  amplifier  (see  Section  3). 
However  at  high  output  pulse  energy  it  can  require  application  of  vacuum  chambers  to 
eliminate  optical  breakdown  of  air.  The  other  way  is  to  increase  m  times  the  sizes  of 
the  cross-section  of  the  amplifier  discharge  chamber  for  the  given  length  of  the 
amplifier.  That  requires  however  the  n?  times-increase  in  the  energy  input  into  the 
discharge  chamber.  The  analysis  of  limitations  mentioned  above  along  with  limitations 
[19]  connected  with  a  trade  off  between  the  requirements  of  high-gain  and  high 
extraction  efficiency  of  the  two-pass  CO2  amplifier  with  a  FWM  PCM  shows  that 
PCMs  with  external  pumps  can  be  efficiently  used  only  in  unique  large-scale  high- 
average-power  CQ2  laser  systems. 

The  further  progress  in  development  of  PCMs  that  could  be  more  suitable  for 
applications  in  middle-power  CO2  lasers  will  be  probably  connected  with  development 
of  loop-type  self-pumped  FWM  PCMs  put  forward  by  BeTcfyugin,  Galushkin  and 
Zemskov  [41].  In  these  PCMs,  sometimes  referred  to  as  FWM  PCMs  with  a  feedback, 
the  high-beam-quality  pumping  oscillators  are  not  required  and  the  phase  conjugate 
wave  should  be  generated  within  a  ring  cavity  comprising  a  laser  amplifier  and  a 
FWM  cell  as  the  coupling  mirror.  Such  PCMs  have  been  implemented  for  the  first 
time  by  Betin  and  his  colleagues  [42]  in  TEA  CO2  lasers  (see  also  [14,43])  and  later 
investigated  also  by  our  group  [44].  In  its  simplest  form  such  a  loop-type  PCM 
operates  as  follows  (Fig.  20  [42]).  Incident  wave  Ei  and  wave  E3  (the  latter,  as  shown 
in  the  Figure,  is  the  same  wave  Ei  but  propagated  along  the  ring)  record  a  long-period 
grating  (thick  hologram)  E1E3*  in  a  cell  with  a  nonlinear  medium.  This  grating  is 
similar  to  a  conventional  mirror  with  a  reflection  p=n|EiE3*p,  where  q  -  the  diffi-action 
efficiency  of  the  grating  as  measured  at  the  exit  of  the  diffracted  beam  out  of  the  cell. 
As  the  incident  wave  Ei  is  sufficient  to  yield  the  reflectivity  p  =  G■^  where  G  -  the 
small-signal  gain  of  the  amplifier  within  the  loop,  oscillation  builds  up  in  the  ring 
cavity.  According  to  the  theory  [41]  one  of  the  counterpropagating  oscillating  waves 
(E2  in  Fig.  20)  should  be  a  sought  phase-conjugate  replica  of  the  incident  wave  Ei. 

Application  of  such  loop-type  PCMs  could  eliminate  the  necessity  to  have  a 
very  long  high-gain  amplifier,  because  the  reflectivity  of  these  PCMs  can  exceed  100% 
1^  the  order  of  magnitude  (see  [14]).  It  was  shown  by  the  experiments  [42,14,44]  that 
the  loop  type  PCM  can  actually  compensate  for  severe  aberrations  brought  in  by 
optical  elements  within  the  loop  and  can  produce  at  their  output  the  beam  whose 
direction  is  practically  opposite  to  the  direction  of  the  input  diffraction  limited  beam. 
That  was  the  evidence  of  a  phase  conjugate  nature  of  the  PCM  “reflection”.  At  the 
same  time  the  fidelity  of  phase  conjugation  was  somewhat  lower  than  that  obtained  in 
FWM  PCMs  with  external  pumps.  It  can  be  explained  by  the  fact  that  the  phase 
conjugate  wave  oscillating  within  the  loop  is  only  one  of  the  transverse  modes  of  the 
ring  cavity  comprising  the  holographic  mirror  [41]  and  higher-order  modes  can  also 
take  part  in  oscillation  if  mode  selection  is  not  sufficient.  The  latter  depends  on  the 
correct  choice  of  the  cavity  geometry,  the  “thickness”  of  the  dynamic  hologram  written 
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in  the  FWM-cell  and  parameters  of  a  small-scale  phase  plate  inserted  usually  into  the 
loop  [41,42], 

FWM-CELL 


Figure  20.  First  ejq)erimeatal  realization  of  a  self-pun^ed 
phase  conjugate  mirror  for  TEA  CO2  laser  radiation  [42] 


The  largest  experiment  with  the  loop-type  PCM  is  described  in  [45].  In  this 
paper  it  was  reported  about  obtaining  a  1.6  KJ  —  beam  with  divergence  of  0.2  mrad  for 
the  200  mm-dia  output  in  the  loop  configuration  comprising  a  8  m-long  electron-beam 
sustained  CQz  amplifier  and  a  cell  with  CCI4  as  the  nonlinear  medium.  This  output 
beam  was  obtained  in  a  20  ps-pulse  with  the  master  oscillator  input  pulse  having  the 
duration  -1  \is  and  energy  about  0.25  J.  Thus  the  “reflectivity”  of  the  PCM  defined  as 
the  ratio  of  output  to  input  was  about  6000  [45]. 

It  is  necessary  to  note  however  that  in  all  the  experiments  carried  out  to  date 
with  loop-type  PCMs  the  input  beam  was  always  rather  close  to  the  diffraction  limited 
one.  As  we  have  seen  from  the  previous  Sections  in  applications  one  often  needs  a 
PCM  that  can  operate  with  the  beams  whose  beam  divergence  far  exceeds  the 
diffraction  limit.  A  feasibility  of  the  loop-type  PCM  performance  with  highly  aberrated 
beams  is  not  investigated  well  at  present  experimentally  in  CO2  lasers.  One  of  the 
reasons  for  that  is  that  such  investigation  requires  a  loop  providing  a  large  field  of 
view.  This  requirement  is  rather  difficult  to  meet  in  CO2  lasers  as  the  “reflectivity”  of 
the  holographic  mirror  is  usually  very  small  (about  several  per  cent)  and  to  overcome 
the  oscillation  threshold  in  the  ring  cavity  one  needs  a  high-gain  and  rather  long 
(typically  5-7  meters)  amplifier.  In  the  middle-power  CO2  lasers  the  cross-section  of 
the  gain  medium  is  usually  rather  small  (several  centimeters)  so  with  such  a  length  it 
is  difficult  to  provide  a  large  field  of  view  in  the  loop  without  special  image  relay 
systems.  The  question  of  transverse  mode  selection  in  high  Fresnel  number  loop-type 
cavities  is  also  not  studied  well  for  highly  aberrated  input  beams,  especially  in  the  case 
of  small-scale  phase  distortions  of  the  input  beam  wavefront.  Probably  some  novel 
geometries  of  loops  should  be  elaborated  and  studied  to  cope  with  these  problems. 

In  our  review  we  have  not  touched  upon  the  problem  of  phase  conjugation  in  cw 
CQ2  lasers.  The  solution  of  this  problem  is  much  more  difficult,  because  of  orders  of 
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magnitude  decrease  of  the  radiation  intensities  as  compared  to  pulsed  CO2  lasers  with 
results  in  a  corresponding  dramatic  decrease  in  diffraction  efiSciency  of  ^namic 
holograms  in  the  process  of  FWM. 

The  first  experiments  on  phase  conjugation  of  cw  CO2  laser  radiation  were 
performed  by  Antipov,  Betin  et  al.  [46]  who  used  as  the  nonlinear  medium  for  FWM  a 
thin  layer  of  organic  solvents  applied  on  the  surface  of  a  metal  mirror  exhibiting  high 
thermoconductivity  and  achieved  the  PCM  reflectivity  of  20%.  In  the  paper  of  our 
group  [47]  developing  the  same  qDproach  optimization  of  parameters  envied 
obtaining  the  reflectivity  ^ut  70-75%  for  the  reflected  beam  power  about  3  W.  The 
further  scaling  up  in  reflected  radiation  power  was  limited  by  a  strong  leasing  in  the 
fi'ont  window  of  the  FWM  cell.  Unfortunately  all  the  problems  discussed  above 
concerning  pulsed  CQ2  amplifiers  with  PCM  remain  the  same  or  even  more  serious 
because  the  small  signal  gain  in  cw  CO2  lasers  is  typically  lower  than  that  realized  in  a 
pulse  mode  of  operation.  At  the  same  time  in  some  aspects,  e.g.  in  the  absence  of  the 
air  breakdown  in  fast-optics  image  relay  systems,  cw  CO2  lasers  are  more  suitable  for 
implementation  of  large-field-of-view  amplifiers  than  the  pulsed  ones. 

In  conclusion  I  would  say  that  the  potential  benefit  due  to  application  of  phase 
conjugation  in  CQ2  lasers  and  laser  systems  seems  to  be  very  significant  even  at  the 
today’s  level  of  PCM  development.  So  I  hope  that  most  of  the  problems  mentioned 
above  will  be  solved  in  the  nearest  future  and  we  will  be  the  witnesses  of 
implementation  of  various  types  of  efficient  CO2  laser  systems  with  correction  for 
aberrations  via  phase  conjugation. 
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CONJUGATED  CAVITY  WITH  THE  WIDE  FIELD  OF  VISION 
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1.  Introduction 

Lasers  wth  the  conjugated  cavities  (the  cavities  of  zero  effective 
length)  [1,2]  are  widely  used  for  various  applications,  needing  fast  tilt 
(scanning)  of  laser  beam,  generation  of  pulses  in  various,  arbitrary 
controlled  direction  or  simultaneous  generation  of  complicated  pattern 
(some  image).  This  paper  is  one  of  the  cycle  of  papers,  devoted  to  the 
realization  of  the  laser  with  the  controlled  addressing  of  the  beam  across 
the  extended  field  of  vision. 

One  of  the  problems,  which  was  to  be  solved  with  the  purpose  to 
realize  the  wide  field  of  vision  laser  was  its  optical  design,  including 
correction  for  the  intracavity  lenses  aberrations.  There  exist  various  kinds 
of  such  cavities.  In  the  Fig.l  one  can  see  the  optical  scheme  of  one 
variant.  This  scheme  consists  of  two  plain  mirrors,  one  of  which  is 


Fig.  1 .  Optical  scheme  of  the  conjugated  cavity. 
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combined  with  the  spatial  light  modulator  [3]  (and  thus  this  scheme 
provides  the  possibility  to  use  the  standard  spatial  light  modulator, 
deposed  onto  the  plain  substratum),  two  identical  lenses  and  the  small-size 
active  element;  generation  wavelength  A,=1.06  pm.  The  symmetrical 
scheme  with  two  identical  lenses  was  chosen  first  of  all  due  to  the  cheaper 
cost  of  its  production.  In  such  a  scheme  the  distances  from  the  lenses  to 
the  diaphragm  and  neighboring  cavity  mirrors  are  to  be  equal  to  these 
lenses  focal  length.  In  the  geometry  optics  approximation  the  elenientary 
mode  of  such  a  cavity  between  the  lenses  and  inside  the  active  element 
looks  like  the  plain  wave,  tilted  to  this  or  that  angle  with  respect  to  the 
system  axis.  The  lenses  are  focusing  this  “beam”  onto  the  surfaces  of  plain 
mirrors. 

In  such  a  cavity,  which  is  also  called  the  cavity  with  the  degenerated 
modes,  it  is  possible  to  realize  generation  of  a  lot  of  such  “TEMoo“  modes, 
all  propagating  at  the  cavity  output  parallel  to  the  cavity  axis,  but 
displaced  in  this  or  that  distance  in  transverse  direction.  Such  a  generation 
can  be  realized  in  turn  Avithin  the  randomly  controlled  sequence  or  in  time, 
providing  thus  generation  of  the  image. 

The  goal  of  this  work  was  to  realize  the  cavity  with  the  number  of 
such  “pixels”  approaching  the  TV  standards.  The  number  of  resolution 
element  across  the  cavity  diameter  was  chosen  to  be  at  least  240,  while 
the  transverse  size  of  the  modulator  cell  was  supposed  to  be  equal  d=0.25 
mm.  Each  such  cell  corresponds  to  single  pixel  in  beam  scanning  and  thus 
to  single  mode  of  laser  generation.  So  the  diameter  of  the  output  mirror 
and  of  lenses  was  to  be  equal  60  mm. 

2.  Conjugated  Cavity 

The  diameter  of  the  active  element,  mounted  in  the  central  zone  of  the 
cavity,  is  to  be  chosen  with  the  account  to  two  parameters,  important 
from  the  point  of  view  of  laser  generation:  (1)  energy  efficiency  and  (2) 
energy  losses  from  the  elementary  mode  of  the  cavity  due  to  optical 
distortions  and  vignetting  at  the  active  element  aperture. 

(1)  The  optical  damage  threshold  under  the  loading  by  the  free  run 
oscillation  inside  such  a  cavity  for  the  LC  SLM  cell  of  such  a  size  can  be 
done  as  high  as  ~  1  mJ  and  more.  Simple  evaluations  show  that  in  the  case 
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of  laser  pumped  active  element  the  suflBcient  energy  efficiency  of 
generation  (work  with  the  energy  nearby  the  saturation  energy)  can  be 
realized  for  the  active  element  with  the  diameter  of-  Imm. 

(2)  The  diameter  of  the  active  element  aperture  in  such  a  cavity  is  a 
very  important  parameter.  Each  cell  of  the  modulator  has  to  correspond 
to  the  elementary  mode  of  the  cavity,  i.e.  its  diameter  is  to  be  equal  to 
d  =  2.44  DD/F;  here  D  is  the  diameter  of  the  active  element  clear  aperture 
and  F  is  the  focal  length  of  the  lens.  The  reduce  of  D  will  result  in  reduce 
of  F  and  thus  in  the  increase  of  the  numerical  aperture  of  the  lenses.  For 
the  said  number  of  resolution  elements  and  size  of  active  element  this 
numerical  aperture  should  be  rather  high  -  somewhat  about  1;2. 
Obviously,  in  such  a  scheme  we  could  not  neglect  the  optical  aberrations, 
first  of  all  the  astigmatism  of  the  "thin"  (elementary)  beam  and  had  thus  to 
carry  out  the  routine  of  the  aberration  correction.  These  aberrations  reveal 
themselves  in  several  different  kinds.  First,  one  can  see  that  the  elementary 
beams,  corresponding  to  the  tilted  modes,  are  “sliding”  across  the  surface 
of  the  lens.  From  the  point  of  wew  of  the  traditional  optics  such  a  scheme 
is  similar  to  the  optical  system,  formed  by  the  humane  eye  with  its  small 
size  pupil  and  spectacles.  Two  elementary  aberrations  of  Zeidel  kind  are 
most  important  in  this  case.  The  first  is  the  astigmatism  of  the  narrow 
beam,  caused  by  the  difference  of  the  sagittal  and  meridional  curvatures  of 
the  refracting  surface.  The  second  is  the  curvature  of  the  field  of  vision, 
resulting  in  some  error  of  beam  focusing  onto  the  plain  mirror.  One  more 
source  of  energy  losses  from  the  elementary  mode  is  caused  by  the 
violation  of  telecentricity  of  the  elementary  mode  beam(also  due  to 
aberrations),  resulting  in  inclination  of  this  beam  on  its  propagation 
between  the  mirror  and  the  lens  with  respect  to  the  cavity  axis  and  thus  in 
the  transverse  shift  of  the  active  element  aperture  image  with  respect  to 
this  very  aperture  after  double  pass  aroimd  the  cavity. 
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Fig.2.  Designed  conjugated  cavity  (in  scale).  1  -  position  of  active 
element,  working  as  the  aperture  (diaphragm),  2  -  coupling  plain 
mirror  with  the  modulator,  3  -  plain  backward  mirror,  4  - 
intracavity  lenses. 
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We  have  carried  out  the  numerical  simulation  of  several  cavities  with 
the  single  component  lenses,  following  the  same  procedure  which  is 
discussed  further  and  have  found  out  that  these  distortions  begin  reveal 
themselves  for  the  numerical  aperture  of  the  lenses  of-  1:5- 1:4. 

Then  we  have  tried  the  lenses  with  the  single  aspherical  components 
and  with  two  spherical  components.  The  latter  approach  has  revealed  the 
better  possibilities  of  correction  for  distortions;  it  is,  at  the  same  time, 
simpler  from  the  point  of  view  of  the  technology.  So  final  choice  was  to 
use  the  dual  component  lenses.  Then  a  series  of  numerical  design  attempts 
with  different  value  of  D  were  done,  following  the  procedure,  described 
further.  We  have  tried  to  obtain  as  small  D  as  possible  and  succeeded  to 
realize  the  system  with  the  required  parameters  for  the  diameter  of  the 
generation  zone  of  the  active  element  equal  D  =  1.2  mm.  (Fig.2). 

Now  let  us  discuss  the  special  features  of  such  a  cavity  design.  The 
generation  beams  are  to  have  plain  wave  fronts  in  the  AE,  and  are  to  fill 
into  the  modulator  cells  when  focused  by  lenses  to  the  modulator.  Hence, 
the  paraxial  focal  length  of  lenses  was  chosen  to  be  equal  F=120  mm,  so 
that  in  the  case  of  the  diffraction  limited  performance  of  these  lenses  the 
size  of  the  main  lobe  of  the  generation  beam  diffraction  pattern 
corresponded  to  the  cell  diameter:  d  «  2.44  XF/D. 

Usually  in  design  of  laser  cavities  there  is  used  the  approach,  based  on 
direct  evaluation  of  generation  properties,  which  is,  in  turn,  based  on 
simulation  of  multiply  beam  tracing  via  such  a  cavity.  Such  tracing 
simulation  is  usually  carried  out  using  the  fast  Fourier  transform 
procedure.  However,  in  our  case  of  the  very  wide  field  of  cavity  vision 
such  an  approach  to  its  simulation  and,  especially,  to  intracavity  optics 
optimization,  required  too  large  amount  of  calculations. 

That  is  why  we  have  chosen  another  approach  to  the  cavity 
optimization.  Instead  of  multiply  beam  tracing  we  have  simulated  and 
optimized  the  special  effective  optical  scheme.  This  scheme  consisted  of 
the  object/image  plane  (coupling  mirror  with  modulator),  four  lenses  (two 
intracavity  lenses  on  the  direct  and  backward  passes),  retroreflecting 
mirror  and  two  apertures.  This  optical  scheme  had  to  image  the  points  of 
the  object  plane  (cells  of  the  modulator)  onto  themselves. 

Simulation  and  optimization  of  this  scheme  was  carried  out  using  the 
DEMOS  software,  elaborated  in  Vavilov  State  Optical  Institute  and 
widely  used  here  for  solution  of  optical  design  problems  [4].  The 
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fulfillment  of  three  requirements  was  to  be  preserved  in  course  of  scheme 
optimization: 

1.  minimization  of  the  wave  aberrations  while  imaging  points  across 
the  coupling  mirror  onto  themselves; 
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Fig.  3.  Meridional  (left)  and  sagittal  (right)  sections  of  wave  aberration  of 
elementary  beams,  measured  in  terms  of  wavelength  W.  Pupil  coordinate. 
M  is  given  in  terms  of  radius  across  the  beam  at  active  element, 
coordinate  y  corresponds  to  point  of  beam  cross  with  coupling  mirror 

2.  minimization  of  transverse  shift  of  these  points  images  with  respect 
to  their  position; 

3.  minimization  of  vignetting  of  the  beam  by  the  aperture  (diaphragm 
on  AE)  on  its  backward  pass  via  the  cavity. 
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Table  1.  Sources  of  energy  loss  of  elementary  beams 


Radius  at  the 
coupling 
mirror,  mm 

Magnitude  of 
toroidal 
distortion,  X 

Magnitude  of 
defocusing 
error,  X 

Transverse  shift 
of  the  beam, 
mm 

0 

0 

0.29 

0 

5 

0 

0.29 

0.1 

10 

0.01 

0.27 

0.18 

15 

0.02 

0.23 

0.22 

20 

0.04 

0.18 

0.20 

25 

0.065 

0.115 

0.10 

30 

0.095 

0.025 

0.11 

3.  Optimization  Studies 

According  to  the  results  of  optimization,  the  best  performance 
revealed  the  scheme  with  two  component  lenses  with  the  following 
parameters.  Both  components  are  made  of  the  standard  optical  crown 
glass;  thickness  of  both  lenses  equals  15  mm  and  that  of  the  air  gap 
between  them  -  5  mm.  The  external  component  is  double  convex  and  the 
internal  component  has  the  menisci  shape.  The  distances  from  the 
corresponding  external  surfaces  of  lenses  to  the  coupling  or  backward 
mirror  and  to  the  central  diaphragm  equaled  120  mm. 

In  the  Fig.  2  are  shown  the  calculated  curves  of  wave  aberration 
(measured  in  terms  of  radiation  wavelength  □)  across  the  elementary 
beams,  corresponding  to  the  points  with  the  radii  0,  5...,  30  mm  at  the 
coupling  mirror.  Left  curves  correspond  to  the  meridional  section  of 
beams  and  right  -  to  the  sagittal.  Lacking  parts  of  these  curves  correspond 
to  beam  screening  by  the  aperture. 

Earlier  [1,  2]  there  was  analyzed  the  influence  of  various  distortions 
of  the  elementary  beams  on  its  generation.  According  to  our  calculations 
(see  the  Table)  the  magnitude  of  the  most  dangerous  from  that  point  of 
view  astigmatic  (toroidal)  distortion  of  all  beams  did  not  exceed  0.1  X, 
while  its  defocusing  (spherical  aberration  of  first  order)  -  0.3  X.  At  the 
same  time,  the  transverse  shift  of  the  beam,  resulting  in  its  screening  did 
not  exceed  0.2  of  its  diameter. 
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One  can  see  also,  that  two  main  sources  of  energy  losses  - 
astigmatism  and  screening  (both  rather  small),  are  of  complementary 
character,  thus  additionally  equalizing  generation  properties  of  various 
beams.  So  the  conclusion  can  be  drawn,  which  is  confirmed  by  the 
experiment,  that  energy  losses,  caused  by  intracavity  optics  in  the 
designed  cavity  would  not  be  too  large  (some  20-30%  per  round  pass 
along  the  cavity)  and  would  be  more  or  less  uniform  across  the  overall 
field  of  cavity  vision. 


Fig.4.  Experimental  dependence  of  laser  energy  output 
vs.  position  of  pinhole  across  the  coupling  mirror  aperture. 


Practical  realization  of  the  designed  cawty  had  to  take  into  account 
technology  requirements. 

1 .  Much  cheaper  variant  of  any  optical  system  is  the  one  using  not  the 
best  fi-om  the  point  of  view  of  numerical  design  curvatures  of  optical 
surfaces,  but  the  closest  to  them  values  from  standard  sequence. 
Numerical  simulation  of  the  system,  in  which  the  above  said  figures  were 
replaced  by  standard  values  did  not  result  in  significant  (not  more  than 
10%)  aggravation  of  the  above  said  parameters.2.  Simulation  of  such 
production  errors  as  longitudinal  and  transverse  dispositions  of  optical 
surfaces,  has  revealed  that  the  designed  system  falls  into  the  range  of 
optical  systems,  permitting  the  use  of  the  most  rude  optical  standard, 
when  all  the  dispositions  of  all  surfaces  (i.e.  improper  thickness  of 
components  and  gaps,  centering  of  component  and  mutual  centering  of  its 
surfaces)  can  be  as  high  as  0.2  mm.  In  this  case  one  can  use  the  cheapest 
production  technology  and  the  simplest  design  of  two  component  lens. 
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This  cavity  was  realized  in  the  experiment.  Small  size  Nd:YAG  active 
element,  pumped  by  the  alexandrine  laser  radiation,  was  mounted  in  the 
central  zone  of  the  cavity.  The  pinhole,  simulating  the  opened  cell  of 
SLM,  was  moved  across  the  coupling  mirror  aperture.  In  the  Fig.  3  for 
two  levels  of  pumping  is  shown  the  dependence  of  the  laser  output  vs.  this 
pinhole  position  across  the  cavity.  One  can  see  good  stability  of  laser 
output,  as  predicted  by  above  numerical  simulation  results. 

4.  Summary 

1.  We  have  elaborated  the  laser  cavity,  providing  beam  scanning 
across  the  field  of  vision  of  several  hundred  scanning  elements.  In  fact, 
small  reduce  of  LC  SLM  cell  transverse  size  (which,  in  fact,  can  be  done 
less  than  100  mm)  and  some  increase  of  the  active  element  diameter 
promise  the  realization  of  scanning  laser,  meeting  the  standard  TV 
scanning  parameters. 

2.  We  have  succeeded  in  the  reduce  of  the  specifically  cavity  problem 
down  to  the  effective  optical  problem,  providing  the  possibility  of 
application  of  standard  optical  design  methods  to  the  optical  resonator 
problems. 

3.  This  work  was  done  during  the  course  of  an  investigation  carried 
out  under  the  partial  sponsorship  of  DRA  of  the  UK.  Permission  to 
publish  is  gratefully  acknowledged. 

5.  References 

1.  Mak,A.A.,  Kornev,  A.F.,  Pokrovsky,  V.P.,  Soms,  L.N.  and 
Stupnikov,  V.K.  (1993)  Precise  addressing  of  laser  beams. 
Proceedings  of  SPIE,  1864,  17-30. 

2.  Kornev,  A.F.,  Pokrovsky,  V.P.,  Soms,  L.N.  and  Stupnikov,  V.K. 
(1994)  Laser  systems  with  internal  scanning.  Journal  of  Optical 
Technologies,  61,  #1,  9-19. 

3.  Warde,  C.  and  Fisher,  AD.  (1987)  Spatial  light  modulators: 
applications  and  functional  capabilities,  in  J.L.Homer  (ed)  Optical 
Signal  Processing,  Academic  Press,  NY,  1987,  pp.477-523. 

4.  Gan,  M.A.  et  al  (1992)  Optical  Engineering,  31,  p.639-700. 


PART  III:  OPTICS 


BEAM  QUALITY  AND  EFFICIENCY  OF  ANNULAR  GAIN  LASERS 


NORMAN  HODGSON 
Universitdt  Potsdam 
Institut  fur  Physik 
Am  Neuen  Palais  10 
14469  Potsdam,  Germany 


Abstract 

In  high  power  lasers  the  maximum  output  power  is  limited  by  the  efficiency  of  heat 
removal.  In  general,  the  cooling  becomes  more  efficient  if  a  geometry  of  the  active 
medium  is  chosen  that  provides  a  high  surface  to  volume  ratio.  If  the  gain  medium  is 
shaped  as  an  annulus,  a  much  larger  cooling  surface  can  be  obtained  than  for  a 
cylindrical  medium  of  equal  volume.  Therefore,  the  maximum  output  power  per 
length  can  be  increased  by  one  order  of  magnitude.  Although  the  annular  geometry 
is  very  well  suited  to  provide  high  output  powers  and  high  efficiencies,  this  concept 
has  not  yet  found  commercial  application.  The  main  problem  is  the  realization  of  a 
good  beam  quality  without  decreasing  the  efficiency  too  much.  In  this  paper  an 
overview  of  the  properties  of  annular  laser  resonators  applicable  to  commercial 
systems  is  given. 


1.  Introduction 

In  high  power  lasers  the  maximum  output  power  is  limited  by  the  efficiency  of  heat 
removal.  For  sealed-off  CO2  lasers  in  cylindrical  geometry,  the  temperature  rise 
reduces  the  maximum  output  power  per  length  to  about  80W/m,  independent  of  the 
tube  diameter.  In  solid  state  laser  materials,  the  pump  induced  stress  causes 
irreversible  damage  to  the  medium  if  the  pump  power  is  increased  beyond  the  fracture 
limit.  For  flashlamp  pumped  Nd;YAG  rods,  the  fracture  limit  corresponds  to 
maximum  output  powers  between  40  and  45  W  per  cm  of  rod  length,  depending  on 
the  ciystal  quality  and  the  pumping  conditions. 

Lower  temperatures  and  higher  fracture  limits  can  be  attained  by  choosing  a  geometry 
of  the  gain  medium  that  exhibits  a  larger  surface  to  volume  ratio  than  the  cylindrical 
geometry.  It  is  clear  that  annular  active  medium  provides  a  much  larger  cooling 
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surface  than  a  rod  of  equal  volume.  If  a  and  b  denote  the  inner  and  outer  radii  of  the 
annulus,  respectively,  and  the  wall  thickness  is  much  larger  than  the  inner  radius,  the 
maximum  output  power  that  can  be  extracted  from  an  annular  gain  medium  reads: 


Pr  k 


b+a 

b-a 


(1) 


where  is  the  maximum  output  power  attainable  for  a  rod  (or  gas  tube)  of  equal 
length,  and  k=l  .5  for  solid  state  lasers  and  k=2  for  gas  lasers.  For  an  inner  radius  of 
30mm  and  a  wall  thickness  of  5mm,  an  annular  gas  medium  provides  a  26  times 
higher  output  power  per  length  compared  to  a  conventional  tube.  Annular  gain  media 
have  been  realized  in  dye  lasers  and  He-Xe  lasers  [6,12],  HF  lasers  [9],  CO2  lasers 
[8,10,16,27,39,46],  Ndi^ass  lasers  [5],  andNd:YAG  lasers  [33,34,37,38,47]  (Fig.l). 


Figure  L  a)  Nd:YAG  laser  [33]  and  b)  CO2 laser  in  annular  geometiy  [26]. 
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Figure  2  Pump  geometries  for  flashlamp  pumped  solid  state  tube  lasers. 


For  solid  state  lasers,  another  advantage  of  the  tube  geometry  is  the  higher  excitation 
efficiency  if  the  flashlamps  are  located  inside  the  tube  (Fig.2).  Since  the  light  has  to 
go  through  the  active  material  first  before  being  reflected  by  the  pump  cavity,  a  higher 
fi'action  of  the  flashlamp  power  is  absorbed  by  the  gain  medium.  Experiments  showed 
that  the  increase  in  efficiency  can  be  as  high  as  100%[47].  Furthermore,  the  large 
outer  surface  enables  one  to  arrange  many  flashlamps  around  the  tube  resulting  in  a 
compact  laser  head  that  is  capable  of  providing  output  powers  in  the  multi  kW  range. 
Although  the  tube  geometry  is  very  well  suited  to  provide  high  output  powers  and 
high  efficiencies,  this  concept  has  not  yet  found  commercial  application.  This  is  not 
only  due  to  the  more  sophisticated,  and  therefore  more  expensive,  laser  head  design. 
The  main  problem  of  the  annular  geometry  is  the  realization  of  good  beam  quality 
without  decreasing  the  output  power  too  much.  A  variety  of  optical  resonators 
suitable  for  annular  gain  media  have  been  studied  in  the  last  two  decades. 
Nevertheless,  none  of  these  resonator  schemes  are  capable  of  providing  beam 
properties  that  would  justify  a  replacement  of  commercial  rod  or  slab  lasers.  In 
weapons  research,  however,  annular  gain  lasers  have  been  used  to  realize  high  power 
chemical  lasers  with  output  powers  in  the  MW  range.  Unfortunately,  the  resonator 
schemes  used  here  (unstable  resonator  schemes)  are  too  complex  to  be  applicable  to 
commercial  systems  [9,1 1-19].  In  the  following,  an  overview  of  the  performance  of 
annular  resonator  schemes  that  allow  an  incorporation  into  commercial  lasers  is 
given. 

Considering  the  more  sophisticated  laser  head,  an  annular  gain  laser  must  provide 
higher  efficiencies  and  higher  beam  qualities  than  existing  commercial  products. 
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Figure  3.  CO2  waveguide  slab  laser  with  off-axis  unstable  resonator  [49]. 


At  present,  flashlamp  pumped  Nd;YAG  rod  lasers  are  available  that  provide  output 
powers  of  up  to  3kW  at  total  efficiencies  of  4%  and  maximum  beam  parameter 
products  of  25  mm  mrad  (]VP=75).  In  the  case  of  CO2,  an  annular  version  has  to 
compete  with  the  waveguide  slab  laser  which  exhibits  maximum  output  powers  of 
2kW  with  an  overall  efficiency  of  10%  and  beam  propagation  factors  TvP  around  1  5 
(Fig.3). 


2.  Stable  Resonators  with  Tone  Mirrors 

Resonators  with  toric  mirrors  exhibit  mode  structures  similar  to  those  of  conventional 
spherical  mirror  resonators.  Both  mirrors  exhibit  a  radius  of  curvature  pjin  the  radial 
direction  and  are  flat  in  the  azimuthal  direction  (Fig.4).  Both  stable  and  unstable 
resonators  can  be  realized  [8,21].  The  resonator  properties  are  determined  by  the  g- 
parameters  g^=l-L/ p, ,  the  effective  resonator  length  L,  the  inner  radius  a,  and  the 
wall  thickness  of  the  tube  d=b-a.  If  the  toric  mirror  is  unwound,  a  one-dimensional 
strip  resonator  is  obtained  (Fig.3).  The  circumference  of  the  annular  mirrors  is  now 
represented  by  the  height  of  the  cylindrical  mirrors.  For  large  vertex  radii  ro,  the  radial 
modes  of  the  unconfined  stable  tone  resonator  can  therefore  be  approximated  by  one¬ 
dimensional  Gauss-Herrrute  modes.  In  this  so-called  slab-approximation,  the  mode 
diameter  and  the  number  of  oscillating  radial  modes  can  be  calculated  using  the  well- 
known  relations  for  conventional  spherical  resonators  in  rectangular  symmetry. 
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Figure  4.  Stable  resonator 
with  tone  mirrors  (cross 
sectional  view). 


Figure  5.  A  toric  mirror  is  generated  by  bending  a  cylindrical  mirror.  For  vertex 
diameters  rj+r2  that  are  much  larger  than  the  mirror  width  d,  the  radial  mode 
structures  of  toric  resonators  are  similar  to  those  of  resonators  in  rectangular 
geometry. 


However,  in  general  the  vertex  radius  is  not  large  enough  to  neglect  the  influence  of 
the  bending  on  the  mode  structure,  hi  this  case,  the  radial  intensity  distributions  of 
the  modes  are  slightly  shifted  inwards  (Fig.  5).  An  analysis  of  the  dififraction  integral 
shows  that  if  both  mirrors  are  unconfined,  the  field  distributions  of  the  transverse 
eigenmodes  of  passive  toric  mirror  resonators  can  be  calculated  analytically  [29,36]. 
In  polar  coordinates,  the  field  distributions  read: 
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where are  the  radial  and  the  azimuthal  mode  index  {pA^0\  respectively,  is  the 
radius  of  the  mirror  vertex,  is  the  Gaussian  beam  radius,  and  H/xJ  is  the  Hermite 
polynomial  of  order/?.  Note  that  for  large  vertex  radii  and  small  beam  diameter,  the 
influence  of  the  factor  7A/r  on  the  mode  structure  becomes  negligible.  This  is  the 
mathematical  representation  of  the  slab  approximation. 

If  both  mirrors  are  unconfined,  the  beam  radius  of  the  transverse  modes  depends  only 
on  the  radial  mode  order p.  Thus,  the  transverse  modes  are  highly  degenerate  and  the 
simultaneous  oscillation  of  on  the  order  of  a  hundred  azimuthal  modes  is  to  be 
expected.  This  also  holds  true  if  the  mirrors  are  limited  by  annular  apertures.  The 
azimuthal  mode  discrimination  remains  weak,  although  the  radial  mode  structure  now 
depends  on  the  azimuthal  index  [39],  The  radial  mode  profile  is  shifted  outward  as 
the  azimuthal  mode  index  is  increased,  resulting  in  an  increase  in  the  diffi’action 
losses  (Fig.6).  In  general,  the  azimuthal  mode  discrimination  increases  with  the 
mirror  curvature  and  the  mode  with  fl=0  experiences  the  lowest  loss  if  the  mirror 
vertex  is  in  the  center  of  the  annular  gap.  However,  the  losses  are  nearly  degenerate 
for  low  order  modes.  The  loss  minimum  can  be  shifted  towards  higher  azimuthal 
orders  if  the  radius  of  the  mirror  vertex  is  chosen  smaller  than  the  radius  (a+b)/2 
of  the  gap  center.  This  will  improve  the  azimuthal  mode  discrimination,  but, 
unfortunately,  will  also  prevent  circularly  symmetric  modes  {^=0)  from  oscillating. 
This  is  a  major  drawback  because  only  the  modes  with  ^=0  exhibit  a  centered 
intensity  profile  in  the  far  field. 

The  beam  quality  of  toric  stable  resonators  is  determined  by  the  mode  with  the 
highest  radial  mode  order  p  and  only  slightly  depends  on  the  azimuthal  structure. 
Similar  to  conventional  resonators,  the  highest  mode  order  can  be  found  by  adapting 
the  beam  diameter  to  the  gap  width  of  the  annular  aperture: 

^  ~  (3) 


where  Wq^  is  the  Gaussian  beam  radius  at  the  aperture. 
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Figure  6.  Calculated  dififraction  losses  per  round  trip  for  the  fundamental  radial 
mode  (p=0)  of  symmetric  toric  resonators  as  a  function  of  the  azimuthal  mode  order. 
The  curve  parameter  is  the  g-parameter  of  the  mirrors.  The  mirror  vertex  is  centered 
with  the  annular  gap.  The  right  graph  shows  the  radial  intens/Ty  distribution  for  g=0.5 
and  different  azimuthal  orders.  Vertex  radius  r(,=50mm,  resonator  length  L=lm, 
wavelength  X=10.6pm,  gap  width  b-a=6mm  [39]. 


The  beam  waist  of  this  radial  mode  and  the  corresponding  half  angle  of  divergence 
0^  can  then  be  directly  calculated  using  the  known  expressions  for  spherical 
resonators.  However,  the  waist  radius  w  of  the  laser  beam  is  given  by  the  outer  radius 
of  the  annular  intensity  distribution  and  not  by  the  radius  of  the  mode  profile  in  the 
annular  gap.  For  a  given  mode  order,  the  beam  parameter  product,  therefore,  is  higher 
than  for  conventional  resonators.  In  a  geometrical  approximation,  the  laser  beam 
waist  radius  is  larger  than  the  waist  radius  of  the  radial  mode  in  the  annular  gap  by 
the  factor  2b/(b-a),  where  ajb  are  the  inner  and  the  outer  radii  of  the  annular  aperture, 
respectively.  Thus,  the  beam  parameter  product  can  be  approximated  by: 
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where  0  is  the  half  angle  of  divergence.  Figure  7  presents  calculated  radial  intensity 
distributions  in  the  near  field  and  the  far  field  of  the  fundamental  mode  for  a  toric 
resonator  with  different  inner  diameters  of  the  annulus.  The  annular  shape  of  the  near 
field  generates  a  high  power  content  in  the  side  lobes  of  the  far  field.  An  on-axis 
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intensity  maximum  in  the  far  field  is  only  found  for  modes  without  azimuthal 
structure  (^K)).  For  higher  azimuthal  orders,  the  far  field  intensity  distribution 
remains  annular  since  all  waves  originating  fi-om  the  annular  medium  interfere 
destructively  on  the  optical  axis.  Considering  the  lack  of  azimuthal  mode 
discrimination,  it  is  no  surprise  that  measured  far  field  intensity  distributions  of  toric 
resonators  generally  contain  most  of  the  power  in  an  annular  ring  (see  Fig.  11). 
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Figure  7.  Calculated  intensity  distributions  of  the  TEM^omode  for  a  semi-confocal 
toric  resonator  (^;=1,  g2^0,5,  L=0.5m,  X=^L06fim).  The  normalized  intensity 
distributions  at  the  flat  mirror  and  in  the  far  field  are  shown  for  two  different  tube 
dimensions,  a)  a=Imm,  b=3mm,  b)  a=7mm,  b=9mm. 
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Figure  8.  Schematic  of  pumped  solid  state  tube  laser  with  au  internal  thermal  lens. 
The  left  endface  of  the  tube  is  HR  coated. 


If  an  internal  variable  lens  is  induced  due  to  the  pumping  process,  the  beam  quality 
can  be  calculated  using  the  standard  lens  resonator  model.  For  the  Nd:YAG  tube 
laser  depicted  in  Fig.l,  the  thermal  lens  in  combination  with  the  flat  HR  mirror  can 
be  replaced  by  a  toric  mirror  with  radius  of  curvature  1/D  where  D  is  the  dioptric 
power  (Fig.  8^  The  Gaussian  beam  radius  at  the  HR  mirror  is  given  by: 
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where  L  is  the  geometrical  resonator  length.  To  a  good  approximation,  the  beam 
propagation  factor  can  now  be  calculated  using: 


b-a  ^  2^ 
Iwq  h-a 


(6) 


For  a  100mm  long,  flashlamp  pumped  Nd: YAG  tube  with  an  inner  diameter  of  35nim 
and  an  outer  diameter  of  53mm  an  average  dioptric  power  of  0.08  m'^  per  kW  of 
pump  power  was  measured.  This  laser  provided  a  maximum  output  power  of  IkW 
at  a  total  efficiency  of  6.7%.  For  this  system,  the  beam  parameter  products  calculated 
with  Eqs.  5  and  6  for  different  resonator  length  are  shown  in  Fig.  9  as  a  function  of 
the  mean  electrical  pump  power.  The  calculated  beam  parameter  products  show  a 
good  agreement  with  the  measured  ones.  Measured  output  powers  and  beam 
parameter  products  MPA./71  for  a  longer  tube  (130nim,  a=l  7.5mm,  b=26.5mm)  are 
shown  in  Fig.  10.  The  last  two  figures  clearly  show  that  the  beam  quality  of  the 
Nd:YAG  tube  laser  is  several  times  worse  as  compared  to  that  of  Nd:  YAG  rod  lasers. 
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Figure  9,  Calculated  beam  parameter  products  (beam  radius  x  half  angle  of 
divergence  for  an  inside  pumped  Nd:YAG  tube  laser  [34].  Curve  parameter  is  the 
resonator  length. 
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Figure  10.  Measured  output  power  and  beam  parameter  products  versus  the 
electrical  pump  power  for  a  flashlamp  pumped  Nd:  YAG  tube  laser  with  a  tube  length 
of  130mm,  an  inner  diameter  of  35  mm  and  an  outer  diameter  of  53  mm.  A  flat  output 
coupler  and  different  resonator  lengths  L  were  used  [47],  Pump  energy:  800  J,  pump 
pulse  duration:  2  ms. 
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Figure  11,  Recorded  radial 
intensity  profiles  in  the  near 
field  and  the  far  field  of  a 
Nd:YAG  tube  laser  with  a 
flat-flat  resonator  (tube 
dimensions:  a=  17.5mm, 

b=26.5mm,  tube  length: 
1 00mm,  resonator  length: 
1 .2m).  The  equivalent 
resonator  is  toric  due  to  the 
thermal  leasing  of  the  tube. 
The  far  field  was  recorded  in 
the  focal  plane  of  a  200mm 
lens.  The  beam  parameter 
product  is  50  mm  mrad 
(pump  power:  3kW,  output 
power:  200 W)  [34]. 


The  beam  quality  of  annular  laser  beams  can  be  improved  by  reducing  the  diameter 
of  the  central  hole  without  increasing  the  beam  divergence.  This  is  not  in 
contradiction  with  Liouville's  Theorem  because  the  area  in  phase  space  is  not 
decreased.  The  removal  of  the  central  hole  can  be  accomplished  by  an  axicon 
telescope,  as  shown  in  Fig.  12.  The  beam  parameter  product  is  reduced  by  the  same 
factor  as  the  outer  beam  diameter.  However,  the  axicon  telescope  only  preserves  the 
beam  divergence  if  the  azimuthal  mode  index  is  low.  Unfortunately,  in  both  YAG 
and  CO2  annular  lasers,  several  hundred  azimuthal  modes  may  oscillate  which  means 
that  this  concept  will  not  improve  the  beam  quality.  Calculated  beam  parameter 
products  with  and  without  the  axicon  telescope  are  presented  in  Fig.  12.  This  figure 
indicates  that  the  beam  quality  will  only  be  significantly  improved  if  the  azimuthal 
mode  order  is  lower  than  about  twice  the  radial  mode  index.  Note  that  without  the 
axicon  telescope,  the  beam  parameter  product  is  almost  independent  of  the  azimuthal 
mode  order. 


174 


Azimuthol  Mode  Order  I 


Figure  12.  Calculated  reduction  of  the  beam  parameter  product  for  an  annular  beam 
ofa  stable  toric  resonator  with  inner  radius  a=17.5mm  and  outer  radius  b=26.5mm 
as  a  function  of  the  azimuthal  mode  order  I  The  results  for  two  different  radial  mode 
orders  «,  both  with  and  without  the  axicon  telescope,  are  shown.  The  beam  parameter 
product  is  defined  via  the  86.5%  power  content  (numerical  calculation  using 
diffraction  integrals)  [48]. 


In  summary,  toric  resonators  are  not  very  suitable  for  annular  gain  lasers  due  to  the 
low  azimutlial  mode  discrimination.  Even  if  fundamental  mode  operation  in  the  radial 
direction  can  be  attained  (like  in  COjlasers),  the  oscillation  of  higher  order  azimuthal 
modes  results  in  an  annular  far  field.  Furthermore,  due  to  the  annular  shape  of  the 
near  field,  the  beam  parameter  product  is  an  order  of  magnitude  higher  than  for  a 
conventional  Gaussian  beam.  The  goal  of  annular  resonator  design,  therefore,  is  to 
break  the  circular  symmetry  of  the  near  field  by  generating  a  compact  output  beam. 


3.  Hemott  Cell  Resonators 

A  common  resonator  used  in  annular  CO2  lasers  to  extract  the  power  in  a  compact, 
low  order  transverse  mode  is  the  Herriott  cell  resonator  [2,24,26,27,32].  The  Herriott 
cell  can  be  viewed  as  a  folded,  linear  resonator  that  generates  multiple  passes  through 
the  medium  (Fig.  1 3).  The  two  high  reflecting  spherical  mirrors  with  off-axis  apertures 
form  an  optical  delay  hne.  The  number  of  reflections  and  the  orientation  of  the  beams 
can  be  controlled  by  the  mirror  curvatures,  the  mirror  distances,  the  location  of  the 
apertures,  and  the  inclination  of  the  incident  beam  [1,15,30].  In  general,  the  reflected 
beams  trace  an  elliptical  curve  on  each  mirror,  but  for  special  geometries  the  beams 
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lie  on  a  surface  of  a  hyperboloid  of  revolution  and  the  intersecting  points  move 
around  the  mirror  in  a  circular  pattern  [1,2,1 5,30].  The  number  of  reflections  can  be 
increased  by  increasing  the  radius  of  curvature  of  the  mirrors.  There  are  several 
constraints  in  the  design  of  Herriott  cell  resonators.  The  beam  diameter  has  to  be 
adapted  to  the  wall  thickness  of  the  tube  and  with  each  round  trip  in  the  Herriott  cell, 
and  the  beam  has  to  be  shifted  in  the  azimuthal  direction  by  slightly  more  than  its 
diameter.  Furthermore,  laser  oscillation  between  the  two  high  reflecting  folding 
mirrors  has  to  be  prevented  by  inserting  a  multi-segment  aperture  that  generates 
losses  for  fields  that  do  not  propagate  along  the  intended  beam  path.  The  output 
power  of  optimized  Herriott  cell  resonators  typically  is  much  lower  as  compared  to 
resonators  with  toric  or  spherical  mirrors.  This  is  due  to  diffraction  losses  generated 
at  the  apertures  and  the  incomplete  filling  of  the  gain  medium.  Furthermore, 
wavefront  aberrations  induced  by  the  active  medium  sum  up  due  to  the  high  number 
of  transits,  resulting  in  increased  diffraction  losses.  It  is  for  these  reason,  that  Herriott 
cell  resonators  have  not  found  application  in  commercial  laser  systems.  As  an 
example.  Fig.  14  presents  measured  beam  propagation  factors  and  output  powers  of 
the  Nd:  YAG  tube  laser  of  Fig.  1 0  for  a  Herriott  cell  resonator  with  1 4  reflections  at 
the  mirrors.  Although  the  beam  quality  now  is  comparable  to  conventional  rod  lasers, 
the  total  efficiency  is  decreased  to  only  2%.  With  a  second  Herriott  cell  that  provided 
a  higher  fill  factor,  the  efficiency  could  be  increased  to  4%,  but  the  resonator  went 
unstable  at  pump  powers  above  4.2kW  limiting  the  maximum  output  power  to  1 60W 
[47]. 


Figure  13.  Heriott  cell  resonator  for  an  annular  CO,  laser  [26]. 
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Figure  14.  Measured  output 
power  and  beam  propagation 
factor  as  a  function  of  the 
electrical  pump  power  for  the 
inside  pumped  Nd:YAG  tube 
laser  of  Fig.  10  using  a  Herriott 
cell  resonator.  The  resonator 
length  is  Im  and  the  folding 
mirror  has  a  radius  of 
curvature  of  20  m  [47]. 


4.  Azimuthally  Unstable  Resonators 

Similar  to  stable  resonators,  toric  unstable  resonators  provide  poor  azimuthal  mode 
discrimination.  This  is  due  to  the  resonator  working  unstable  in  the  radial  direction 
only.  Improved  mode  properties  should  thus  be  expected  if  the  azimuthal  direction  is 
chosen  as  the  unstable  direction  [43,46].  Such  an  azimuthally  unstable  resonator  can 
be  obtained  by  winding  an  off-axis  unstable  resonator  around  the  optical  axis,  as 
shown  in  Fig.  15.  In  the  radial  direction  either  a  flat-flat  or  a  stable  resonator  can  be 
chosen  since  the  radial  dimension  of  the  annulus  is  usually  small  enough  to  limit  the 
radial  mode  order  to  low  values.  Instead  of  using  a  parabolic  mirror  surface  in  the 
azimuthal  direction,  near  diffraction  limited  beam  quality  can  also  be  achieved  with 
a  helical  output  coupling  mirror  [43,46]. 
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Figure  15,  Azimuthally  unstable  resonator  (b).  If  the  resonator  is  unwound,  a  one- 
dimensional  off-axis  unstable  resonator  is  obtained  (a)  [43]. 


The  set-up  of  a  helical  resonator  is  similar  to  that  shown  in  Fig.  15,  except  that  the 
output  coupling  mirror  has  a  constant  slope  in  the  azimuthal  direction.  In  a 
geometrical  model,  the  rays  in  the  resonator  are  dnven  towards  the  output  coupling 
aperture  by  the  helical  surface.  However,  the  resonator  is  not  unstable  in  the  usual 
sense.  Since  the  helical  mirror  is  the  annular  version  of  a  tilted  flat  mirror,  the  output 
coupling  losses  are  given  by  the  diffraction  losses  of  a  misaligned  stable  resonator  and 
no  geometric  optics  approximations  for  the  mode  structure  exist  like  for  unstable 
resonators.  The  output  coupling  can  be  increased  with  the  slope  of  the  helical  mirror. 
For  CO2 lasers,  typical  slopes  are  on  the  order  of  10pm/2TC.  Measured  and  calculated 
intensity  profiles  in  the  near  and  the  far  field  of  a  helical  mirror  CO2  laser  resonator 
are  presented  in  Fig.  16.  This  resonator  provided  a  maximum  output  power  of 
1,100W  (the  maximum  total  efficiency  of  9%  was  attained  at  450W)  and  beam 
parameter  products  close  to  the  dififi'action  limit  [41].  Note  that  for  both  resonator 
concepts,  the  output  beam  is  highly  astigmatic  and  beam  shaping  is  necessary  to 
generate  round  focus  spots. 

The  application  of  azimuthally  unstable  resonators  is  currently  limited  by  the 
fabrication  of  the  resonator  mirrors.  For  mid-  to  far-infi-ared  lasers,  the  mirrors  can  be 
made  of  metal  and  flexible  diamond  turning  techniques  are  available  that  are  capable 
of  generating  nonrotationally  symmetric  surfaces.  However,  it  is  difficult  to  achieve 
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Figure  16,  Measured  and  calculated  intensity  distributions  in  the  near  field  and  the 
far  field  of  an  annular  resonator  with  a  helical  output  coupling  mirror.  Resonator 
length:  1.36m,  discharge  length:  1.15m,  inner  radius  n=48mm,  outer  radius  b=55mm 
[46]. 


optical  surface  quality  and  a  commercial  availability  of  these  mirrors  is  not  yet  in 
sight.  In  the  visible  and  the  near-infrared  spectral  region,  where  glass  is  the  preferred 
substrate  material  and  a  tighter  tolerance  on  the  surface  roughness  must  be  met,  no 
successful  manufacturing  of  toric  or  helical  mirrors  with  optical  quality  has  been 
reported  yet. 

An  alternate  annular  resonator  scheme  that  uses  mirrors  which  are  already  available 
and  that  provides  near  diffraction  limited  beam  quality  is  the  tilted  annular  resonator 
as  depicted  in  Fig.  17  [42].  Instead  of  a  helically  shaped  mirror,  a  tilted  toric  or  flat 
output  coupling  mirror  is  used.  By  using  two  flat  mirrors,  this  resonator  concept  is 
also  applicable  to  solid  state  lasers  (Fig.  19).  Similar  to  the  helical  resonator,  the 
intracavity  rays  are  guided  towards  the  output  coupling  aperture.  Unfortunately,  no 
discrimination  between  the  positive  and  the  negative  azimuthal  direction  is  provided. 
Consequently,  two  nonparallel  beams  emerge  from  the  aperture  (Fig.  1 8).  In  order  to 
achieve  unidirectional  operation,  one  of  the  beams  can  be  reflected  back  into  the 
resonator  with  an  external  mirror.  Two  times  diffraction  limited  beam  quality  at  a 
maximum  output  power  of  700W  (7%  total  efficiency,  discharge  length:  1.15m, 
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a=48mm,  b=55min)  was  reported  for  a  diffusion-cooled  CO2  laser  utilizing  a  tilted 
toric  resonator  [42].  By  increasing  the  discharge  length  to  1.8m  a  similar  resonator 
provided  a  maximum  output  power  of  2kW  at  a  total  efficiency  of  10%  [46]. 


Figure  17.  Annular 
resonator  with  toric 
mirrors  and  an  off- 
axis  output  coupling 
aperture.  The  tilt  of 
the  output  coupling 
mirror  induces  a 
bidirectional  azimu¬ 
thal  energy  flux 
towards  the  aperture 
[42]. 


computed  far  field 


Figure  18.  Calculated  near  and 
far  field  intensities  of  a  tilted 
annular  resonator.  The  wave 
vectors  of  the  two  beams  are  not 
parallel,  resulting  in  two  peaks 
in  the  far  field  [42]. 
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Figure  19.  Measured  output  power  and  beajn  parameter  product  (beam  radius  x  half 
angle  of  divergence)  of  the  Nd:YAG  tube  of  Figs.  1  and  10  using  an  azimuthally 
unstable  resonator  with  tilted  flat  mirrors  [47]. 


5.  Summary  and  Conclusion 

The  annular  geometry  provides  output  powers  per  gain  length  that  are  several  times 
higher  than  compared  to  conventional  rod  and  tube  lasers.  For  sealed-off  CO2  lasers, 
the  output  power  could  be  increased  from  SOW  per  meter  of  discharge  length  to  1 , 1 00 
W/m.  For  solid  state  lasers,  the  possibility  of  pumping  the  active  medium  from  the 
inside  leads  to  an  increase  of  the  efficiency  by  more  than  a  factor  of  2.  With  a  1 30mm 
long  Nd:  YAG  tube  pumped  by  four  Krypton  flashlamps  a  total  efficiency  of  1 0%  and 
an  output  power  of  l.86kW  was  attained.  Commercial  Nd:YAG  rod  lasers  in  the  kW 
range  provide  maximum  efficiencies  that  are  hardly  higher  than  4%.  The  length¬ 
scaling  of  the  output  power  was  increased  fom  40W/m  (Nd:  YAG  rod)  to  1 40  W/m. 
For  both  Nd:YAG  and  CO2  lasers,  the  best  trade- off  between  efficiency  and  beam 
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quality  was  obtained  with  tilted  toric  or  tilted  flat-flat  resonators.  In  this  resonator 
scheme,  the  laser  beam  is  coupled  out  through  an  AR  coated  segment  of  a  tilted  HR 
mirror.  By  using  these  resonator  schemes,  the  overall  performance  of  annular  laser 
systems  becomes  comparable  to  that  of  existing  commercial  multi  rod  Nd:  YAG  lasers 
and  CO2  waveguide  slab  lasers.  Table  I  summarizes  the  results  obtained  with 
different  annular  lasers.  Considering  the  more  sophisticated  laser  head  design  as  well 
as  the  higher  misalignment  sensitivity,  a  commercialization  of  lasers  with  an  annular 
gain  medium  will  only  happen  if  a  more  suitable  resonator  design  can  be  found. 


TABLE  1 .  Output  power,  total  efficiency,  and  beam  propagation  factor  of  inside 
pumped  Nd:YAG  and  sealed-off  CO2  lasers  in  annular  geometry.  The  dimensions 
shown  are  the  inner  radius  a,  the  outer  radius  b,  and  the  pumped  length. 


Laser 

resonator 

Po„[W] 

M' 

Ref. 

Nd.YAG 

17.5mm,26.5mm,101mm 

stable  toric 

1,000 

6.7 

300 

[33] 

Nd:YAG 

17.5mm,26.5mm,  1 30mm 

stable  toric 

1,860 

10 

500 

[38] 

Nd:YAG 

I7.5mm,26.5mm,130mm 

tilted  flat-flat 
with  aperture 

540 

5.4 

90 

[47] 

Nd:YAG 

17.5mm,26.5mm,l30mm 

Herriott  cell 

160 

4.0 

30 

[47] 

CO2 

25mm,28.5mm,400mm 

tilted  flat-flat 
with  aperture 

700 

7.0 

2 

[42] 

CO2 

48mm,55mm,  1 , 1 50mm 

helical, unstable 

450 

9.0 

4 

[46] 

CO, 

48mm, 55mm,  1 , 1 50mm 

tilted  toric 
with  aperture 

1,100 

12 

2 

[46] 

CO, 

48mm,55mm,  1 ,800mm 

tilted  toric 
with  aperture 

2,000 

10 

2 

[46] 
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1.  Introduction 

Semiconductor  lasers  are  incredibly  compact  and  efficient.  Although  the  vast  majority  of 
semiconductor  laser  applications  require  only  a  few  milliwatts  to  a  few  tens  of  milliwatts 
of  power,  there  are  appUcations,  such  as  free-space  optical  communications,  for  which 
near-diffraction-hmited  beams  of  up  to  several  watts  are  required.  To  date,  the  best 
single,  narrow-contact  devices  have  produced  approximately  one  hundred  milliwatts  of 
coherent  output  power.  The  problem  of  attaining  higher  output  power  wlule  still 
maintaining  spatial  coherence  across  the  output  facet  has  proven  to  be  very  difficult. 
Typical  good-beam-quality  laser  diodes  are  currently  limited  to  narrow  stripe  widths  of 
less  than  six  microns.  Since  facet  damage  problems  limit  outputs  to  less  than  10  to  20 
mW  per  miaon  of  stripe-width,  good-beam-quality  laser  diodes  are  necessarily  limited  to 
lower  powers. 


The  simplest  method  of  obtaining  higher  output  powers  is  to  increase  the  width  of  the 
injection  contact.  However,  because  of  the  filamentation  tendencies  brought  on  by  self- 
focusing  in  the  semiconductor  laser  medium,  these  broad-area  devices  tend  to  be  spatially 
incoherent  at  the  output  facet,  producing  lateral  far-field  divergences  that  are  many  times 
the  diffraction  limit.  Various  schemes  have  been  proposed  for  alleviating  these 
filamentation  tendencies.  Index  and  gain-guided  arrays  were  tried  by  several  groups  with 
limited  success  [1-5].  In  addition,  more  elaborate  designs  using  external-cavity  optics  for 
lateral  mode  control  have  been  tried  [6,7].  A  promising  solution  appears  to  be  the  use  of 
unstable  resonators  with  semiconductor  lasers  [8-13,19,20,22].  Unstable  resonators  can 
provide  excellent  mode  control  for  large  gain  volume  lasers  [18].  It  seems  only  natural, 
then,  to  try  one-dimensional  unstable  resonators  for  lateral  mode  control  in  broad-area 
semiconductor  lasers.  Furthermore,  the  natural  lateral  divergence  of  the  resonator  should 
counteract  the  self-focusing  tendencies,  while  allowing  the  device  to  operate  in  a  single 
lateral  mode. 

Unstable  resonators  have  been  used  extensively  with  gas  and  solid-state  lasers,  but  only 
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rarely  fabricated  for  semiconductor  lasers.  In  1979,  Bogotov,  et  al.  [8]  achieved  a  half- 
symmetric  unstable  design  by  mechanically  polishing  the  front  facet  mirror  with  a  nylon 
dnead  coated  with  diamond  paste;  the  typic^  curved-facet  device  geometry  is  shown  in 
Fig.  (1).  Since  then,  various  groups  have  used  chemical  etching  techniques  to  make 
mirrors  in  single-stripe  GaAs  [9-12]  and  GalnAsP  [13]  lasers  and  in  GaAs  arrays,  but  few 
have  shown  the  uniform  neariield  or  diffraction-limited  farfield  with  high  power  that 
motivated  the  unstable  resonator  approach  [12].  This  is  due  in  part  to  the  chemical 
etching  rate,  which  depends  on  the  crystal  plane  orientation;  it  makes  smooth,  high- 
quahty  curved  mirrors  difficult  to  produce.  Subsequently,  researchers  used  a  particular 
mirror  fabrication  technique  that  does  not  have  this  disadvantage  and  is  suited  to  easily 
varying  the  mirror  curvature:  focused  ion  beam  (FIB)  micromachining  [14,15,21,22]. 
The  FIB  system  focuses  a  high-energy  beam  of  gallium  ions  on  to  a  small  spot  to  sputter 
away  material  in  a  highly  controllable  fashion.  This  technique  has  the  advantages  of 
being  maskless  and  sample  orientation-independent,  thereby  avoiding  the  problems 
encountered  with  wet  chemical  etching.  However,  this  method  is  not  well  suited  to  batch 
production.  To  circumvent  this  last  problem,  researchers  developed  the  regrown-lens 
train  (RLT)  class  of  unstable  resonator  semiconductor  laser  [23,24].  These  devices  use 
closely  spaced  lenses  that  are  etched  and  regrown  into  the  epitaxial  cladding  layer.  These 
negative  power  lenses  create  an  essentially  continuous  unstable  resonator,  as  illustrated  in 
Fig.  (2). 

The  following  section,  2,  presents  a  discussion  of  the  geometric  properties  of  the  unstable 
half-symmetric  resonator  used  in  facet-mirror  devices.  Section  3  presents  the  geometrical 
analysis  of  the  RLT  laser.  Section  4  discusses  the  upgrades  in  analysis  required  to  move 
from  simple  geometrical  theory  to  a  relatively  complete  description  of  on-the-chip  wave 
propagation  as  well  as  gain  and  carrier  diffiision  models.  Section  5  will  discuss  some 
theoretical  results  obtained  from  both  our  geometrical  and  diffractive  models.  These  first 
five  sections  review  unstable  resonator  technology  for  semiconductor  lasers.  The  next 
section,  6,  presents  new  material  relating  to  the  mode-formation  process  as  the  laser 
approaches  threshold.  Finally,  Section  7  will  summarize  our  results  and  discuss  the 
future  prospects  for  unstable  resonators  applied  to  semiconductor  lasers. 

2.  Geometrical  Analysis:  Facet  Mirror  Case 

Unstable  resonators  make  use  of  a  dehberately  diverging  wavefront  to  produce  transverse 
mode  profiles  that  readily  fill  large  gain  volumes,  while  suppressing  the  higher-order 
transverse  modes.  In  the  half-symmetric  unstable  resonator  design,  the  diverging 
wavefront  is  reahzed  by  creating  a  diverging  cylindrical  mirror  at  the  outcoupling  facet. 
We  begin  our  geometrical  analysis  by  calculating  the  round-trip  lateral  magnification. 
This  quantifies  the  lateral  mode  divergence  for  the  device,  and  can  be  related  to  the 
mirror  curvature  as 

M=  V  ^  ^  (1) 

^L^  +  L^\R\-L 

in  which  L  is  the  length  of  the  device,  and  R  is  the  radius  of  curvatme  of  the  facet  mirror. 
The  absolute  value  of  R  is  used  in  the  formula,  since,  by  convention,  a  radius  of  curvature 
to  the  right  of  the  surface  is  negative.  A  typical  device  might  have  a  length,  L=500 
microns,  with  a  facet  mirror  radius  of  curvature,  R=  -  2200  microns.  This  gives  a  round- 
trip  magnification,  M=2.51. 
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In  one  of  the  more  straightforward  experimental  diagnostics,  we  determine  the  location  of 
the  virtual  source  point  for  the  unstable  resonator  and  compare  it  directly  to  the 
theoretical  value.  The  virtual  source  point  is  actually  a  line  due  to  the  cylindrical 
geometry  of  the  mirror  for  the  one-dimensional  unstable  resonator.  Experimentally,  we 
reimage  the  virtual  source  line  out  of  the  diode  as  outlined  in  Fig.  (3).  The  theoretical 
value  for  the  distance  (measured  in  air)  from  the  curved  mirror  facet  to  the  virtual  source 
is 


1 


n\ 


1 


(2) 


in  which  n  is  the  effective  index  for  the  laser,  R  is  the  mirror  radius  of  curvature  and  Rs 
is  the  distance  to  the  virtual  source  point  measured  from  just  inside  the  curved  mirror 
facet.  This  is  calculated  as 


Rs  =  ^1}  +  L-\P\  +  L.  (3) 

For  the  typical  device  listed  above,  with  an  effective  index  of  refraction  of  n=3.4,  we  find 
that  the  virtual  source  line  will  appear  at  a  distance  =  3 18.8  microns  inside  the  front 
facet. 


3.  Geometrical  Analysis:  Regrown  Lens  Train  Case 


The  primary  drawback  of  the  FIB  micromachining  process  in  forming  curved  facet 
mirrors  on  diode  lasers  is  that  it  is  not  well  suited  for  batch  or  mass  production 
procedures.  Alternatively,  the  wet-chemical  etching  and  subsequent  MOCVD  legrowth 
involved  in  the  RLT  fabrication  process  lend  themselves  nicely  to  both  batch  production 
and  reproducibility.  Early  attempts  utilizing  this  technique  produced  high  magnification 
unstable  resonators,  which,  while  providing  strong  divergence  and  suppression  of 
filaments,  also  gready  increased  threshold  current  densities,  limiting  coherent  high-power 
operation  to  approximately  80  mw  [23].  Later  work  improved  upon  the  etch  and 
regrowth  technique  as  well  as  lens  design  and  placement,  providing  for  smoother  lens 
structures,  lower  magnifications  and  higher  coherent  output  powers  (~1  W)  [24]. 


The  RLT  imstable  resonator  semiconductor  laser  consists  of  a  series  of  negative  focal 
length  lenses  between  two  planar  reflecting  facets.  These  lenses  effectively  distribute  the 
divergence  along  the  optic  axis  of  the  device.  Figure  (2)  illustrates  the  lens  placement 
and  epitaxial  layout  for  this  concept.  Once  again,  a  simple  geometrical  analysis  of  the 
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lens  structure  allows  for  the  calculation  of  the  virtual  source  location  and  resonator 
magnification.  Using  the  ray  trace  schematic  of  Fig.  (4)  and  the  “lens  maker’s  formula”, 

we  can  relate  the  virtual  source  location,  Ry,  to  the  virtual  image  location,  |/| ,  after 
refraction  through  the  lens  as 

^'kri/i  ■ 

in  which  /  is  the  focal  length  of  each  lens.  This  focal  length  is  determined  by  the 
effective  index  change,  An<  0 ,  for  the  lens  region,  as  well  as  the  radius  of  each  etched 
surface,  .  The  expression  for  the  magnitude  of  this  focal  length  is  given  as 


(5) 


in  which  all  quantities  are  shown  in  Fig.  (4).  Constant  mode  radius  between  elements 
requires  that  the  refracted  wavefront  radius  propagate  to  the  virtual  source  radius  as 
giving 


1  1  _  ”1 

Ry  Ry-P~\f\ 


P+- 


P^+4P\f\ 


(6) 


This  virtual  source  location  can  be  directly  measured  in  the  laboratory  and  gives  an 
excellent  diagnostic  on  the  device.  The  magnification  per  lens,  A/,  is  then  defined  by 


R 


P^+4P\f\+P 


^P^+4P\f\-P 


(7) 


The  total  round-trip  system  magnification  can  be  determined  as, 

(8) 

in  which  N  is  the  number  of  lenses  in  the  device. 


A  typical  RLT  device  might  use  twenty  lenses,  A^=20,  spaced  at  intervals,  P=25  microns. 
For  an  effective  index  change  of  -.02  and  an  etched  surface  radius  of  500  microns,  we 
calculate  that  each  lens  has  a  focal  length  given  by  /=  -4.25  cm.  The  magnification  per 

lens  period  is  then  M=  1.02455 .  The  total  round-trip  magnification  is  then  M=2.64. 
Most  optimized  unstable  resonator  semiconductor  lasers  operate  with  round-trip 
magnifications  ranging  from  two  to  four;  these  values  prove  sufficient  for  filament 
suppression. 
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4.  On-The-Chip  Wave  Optical  Modeling 

Diffractive  optics  modeling  for  a  semiconductor  laser  begins  with  the  3-dimensional 
paraxial  wave  equation  shown  below: 


^  1  I  1  ^ 

dx^  2ik  dy^ 


dz 


w 


We  have  anticipated  that  the  electric  field  is  essentially  a  travelling  wave  propagating  in 
the  inngimdinal,  z,  direction  as  E{x,y,z)tx^{ikz-ioa) .  The  gain  and  carrier- 
induced  index  shifts  can  be  associated  with  the  imaginary  and  real  parts  of  the 
polarizability,  Pc ,  respectively,  such  that 


-itoVoP,  =  -G{x,y,z,N)^+ik/ynXx,y,z,N)E  .  (lO) 

2ik  2 


G  represents  a  position  and  carrier-dependent  power-gain  function.  Similarly,  is  a 

position  and  carrier-dependent  index  change.  For  nearly  all  semiconductor  laser  devices, 
the  effective  index  approximation  allows  us  to  eliminate  the  transverse  >'-dependence. 
This  implies  that  the  >^-variation  of  the  TE-polarized  field  has  a  simple,  single-mode 
behavior  in  the  dielectric  waveguide  of  the  semiconductor  laser  epitaxial  layers.  After 
invoking  the  effective  index  approximation,  we  can  reduce  the  wave  equation  to  the  form 
retaining  only  x  and  z  as  independent  variables: 


_L_^ 

2ik 


^E^ikTbji^gE^gE 

2 


(11) 


in  which  we  have  introduced  a  complex  gain  fimction,  g.  F,  represents  the  mode 
mnfinftiTiftnt  factor  and  takes  into  account  the  extent  to  which  the  optical  mode  overly 
the  active  region.  Also,  the  gain  and  index  changes  are  evaluated  at  the  active  layer. 

We  use  standard  Fourier  transform  propagation  methods  and  assume  that 


E{x,z)  =  E{x+a^,z),  (12) 

in  which  is  a  periodic  window  greater  than  the  problem  domain;  we  typically  make  the 
period  window  four  to  five  times  the  stripe  width.  E{x,  z)  can  now  be  represented  as  a 
Fourier  expansion  in  the  following  manner: 


E{x,z)=  £<^„(z)exp  2m 


We  discretize  the  problem  in  x  by  defining 


This  yields  the  discrete  fimction. 


E{x^^z)  =  E{m,z)=  ^^>„(r)exp(2;z7 


Fast  Fourier  Transform  (FFT)  algorithms  can  perform  the  above  summation  quickly. 
From  an  initial  field  distribution,  £'(x,z),  we  Fotuier  transform  £(jc,z)  to  determine 
the  Fourier  expansion  coefficients,  We  propagate  a  distance,  Az,  by  applying 

the  propagation  law  in  transform  space.  The  final  result  at  z  +  Az ,  including  the 
gain/index  effects,  is  then 


£(x,r  +  Az)=  J;^„(z  +  Az)  exp  ■  exp{Az ■  g{x, z))  ,  (16) 

M=0  ^ 


in  which 


^„(z  +  Az)  =  ^>„(z)-exp  -m 


An^Az 


The  FFT  approach  proves  to  be  extremely  accurate  when  the  grid  Fresnel  number,  given 
by 
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(18) 


remains  less  than  unity.  In  addition,  this  method  can  be  extended  to  cases  in  which  the 
effective  index  method  is  inappropriate,  and  the  paraxial  wave  equation  with  two 
transverse  dimensions  must  be  solved  directly. 


4.1  GAIN/CARRIER  MODEL 

In  modeling  the  diode  active  medium,  we  normally  find  that  the  simplest 
phenomenological  approach  is  adequate.  We  assume  that  the  diode  power  gain,  G,  and 
carrier-induced  refractive  index  shift,  ,  are  linearly  related  to  the  carrier  density,  N, 

as 


G  =  A{N-N,) 

-  a  — 

eff  2 

A  is  the  differential  gain  coefficient,  and  No  is  the  carrier  density  required  to  achieve 
transparency.  The  constant  a  is  the  antiguiding  parameter  that  relates  changes  in  gain  to 
changes  in  index  of  refraction;  it  drives  the  self-focussing,  or  filamentation,  phenomena 
in  the  semiconductor  laser  [16]. 


Finally,  we  must  connect  the  carrier  density,  N,  to  the  current  density  7  [16].  An 
adequate  steady-state  rate  equation  for  the  carrier  density  is  given  by 


0  =  D, 


d^N{x,z) 

ac^ 


(20) 


N{x,z) 


^[//(x,r)  +  4(x,z)]  + 


nJ{x,z) 

qWa 


in  which  D*  is  the  effective  diffusion  constant,  Wa  is  the  active  region  thickness,  is 

the  non-stimulated  recombination  time,  T  is  the  field-filling  factor,  J  is  the  injected 
current  density,  h  is  Planck’s  constant,  7]  is  the  efficiency  factor  for  current  injection, 
and  If  and  h  are  the  lateral  intensity  distributions  for  both  the  forward  and  backward 
travelling  fields  inside  the  diode.  Equation  (20)  can  be  approximated  by  a  tridiagonal  set 
of  finite-difference  equations,  which  we  solve  using  a  standard  technique. 


192 


5.  Performance  Predictions 


In  this  section,  we  will  illustrate  several  results  for  the  steady-state  properties  of 
semiconductor  lasers  incorporating  a  curved  facet  mirror.  We  must  solve,  in  a  self- 
consistent  manner,  for  the  forward  and  backward  propagating  fields.  Also,  we  must 
ensure  proper  accounting  of  gain  saturation  effects  in  the  presence  of  the  simultaneously 
propagating  fields.  We  achieve  the  self-consistent  fields  by  first  propagating  a  low 
intensity  random  field,  F(x,z=0)Stom  the  back  facet  to  the  firont  facet.  On  each  z-step  of 
the  propagation  we  store  the  field  values,  while  simultaneously  solving  for  the  carriers  at 
that  z-location.  At  the  front  facet,  we  apply  the  facet  reflectivity  including  the  phase  shift 
associated  with  the  curved  mirror.  This  reflected  value  at  each  lateral  x-location  is  the 
backward-going  field,  B(x,z=L).  We  now  propagate  these  values  backward  while  solving 
for  the  carriers  saturated  by  both  the  forward-  and  backward-intensity.  At  the  back  facet, 
we  apply  the  facet  reflectivity  thereby  updating  the  forward-field,  F(x,z=0).  This 

iterative  procedure  continues  until  the  intensities  |jF(x,z)|  and  |j?(x,z)|  are 

unchanging  and  determined  self-consistently.  For  most  unstable  resonator  calculations  at 
two  to  three  times  threshold,  we  find  that  20  to  50  iterations  are  required  for  intensity 

convergence  to  one  part  in  1 0^ . 


Table  I  describes  the  parameters  in  the  present  simulations.  These  parameters  are 
representative  of  single-quantum-well  AlGaAs/GaAs  lasers,  as  describ^  in  reference 
[17].  In  Fig.  (5),  we  show  the  badly  filamented  near-field  that  can  occur  in  a  Fabry-Perot 
broad-area  device  operating  at  twice  threshold.  (We  obtain  this  figure  by  grabbing  one 
intermediate  round-trip  iteration  after  the  device  has  reached  a  saturated  power  level.) 
Next,  we  modeled  a  diode  with  magnification  2.51.  The  calculated  dependence  of  output 
power  on  injection  current  for  this  magnification  is  shown  in  Fig.  (6).  The  device  shows 
a  threshold  increase  of  approximately  20%-  30%  relative  to  the  same  device  with  a 
Fabry-Perot  resonator.  Figures  (7a)  and  (7b)  illustrate  the  calculated  near  and  farfield 
intensity  profiles  for  a  device  with  a  magnification  of  2,51  running  at  five  times 
threshold.  The  near-field,  shown  here  at  the  facet,  retained  its  basic  tophat  structure  with 
some  evidence  of  filamentation  beginning  at  this  high  drive  current  level.  The  far-field 
remains  essentially  diffraction-limited.  (Note  that  the  far-field  represents  the  propagation 
of  the  entire  near-field;  no  central  feedback  mirror  obscuration  is  present.)  The  break-up 
of  the  near-field  into  filaments  has  been  suppressed  by  the  chverging  action  of  the 
unstable  resonator. 


6.  ASE  Patterns  In  Unstable  Resonators 

Unstable  resonators  provide  excellent  transverse  mode  control  for  large  gain-volume 
lasers,  and,  since  their  discovery  in  1965,  have  been  used  in  numerous  high-power  laser 
systems.  The  geometric  and  diffractive  properties  of  unstable  resonator  modes  have  been 
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studied  extensively.  Numerous  reviews  and  several  books  thoroughly  document  our 
current  understanding.  Reference  [18]  in  particular  contains  complete  coverage  of 
unstable  resonator  theory  and  applications.  From  most  practical  perspectives,  the  field  is 
mature,  with  design  principles  well  understood.  There  are,  however,  several  areas  in 
which  additional  research  is  required.  For  example,  the  details  of  mode  formation  and 
mode  build-up,  as  well  as  details  of  the  laser  relaxation  oscillation  and  quantum  noise 
limitations  remain  somewhat  cloudy.  It  is  well  known  that  spontaneous  emission  starts 
the  laser  oscillation  while  fundamentally  limiting  the  linewidA.  Usually,  the  start-up  is 
so  fast  and  the  laser  linewidth  so  sm^  that  there  is  little  practical  interest  in  these 
phenomena.  However,  in  semiconductor  lasers,  linewidths  can  range  from  several  Mhz 
to  several  thousand  Mhz,  and  these  are  of  concern  to  many  users.  Furthermore,  unstable 
resonators  have  begun  to  appear  in  semiconductor  laser  applications.  This  has  helped 
rekindle  interest  in  linewidth  and  mode  formation  properties  for  these  devices.  Much  of 
the  current  research  has  dealt  with  the  increase  of  laser  linewidth  beyond  the  Schawlow- 
Townes  prediction,  an  effect  attributed  to  an  excess  spontaneous  emission  faaor,  the  K- 
factor  or  Petermann  K-factor.  References  [25,26]  demonstrate  that  an  excess 
spontaneous  emission  per  mode  as  well  as  noise  correlations  between  different  modes, 
are  both  a  direct  consequence  of  the  non-Hermitian  and  biorthogonal  character  of  the 
transverse  eigenmodes  for  open  or  lossy  optical  structures;  the  effects  are  very 
pronounced  in  unstable  resonators. 

In  this  section,  we  will  analyze  some  additional  unusual  mode  formation  and  below 
threshold,  amplified  spontaneous  emission  properties  of  unstable  resonator 
semiconductor  lasers.  The  unstable  resonator  semiconduaor  laser  exemplifies  a  1-D 
unstable  resonator.  In  the  direction  perpendicular  to  the  epitaxial  stmcture,  its  radiation 
is  confined  to  a  single  transverse  dielectric  waveguide  mode,  while  in  the  plane  parallel 
to  the  epitaxy,  the  lateral  mode  is  controlled  by  the  on-the-chip  unstable  resonator.  This 
unique  1-D  unstable  resonator  feature  has  allowed  a  novel  series  of  diagnostic  tests  on  the 
unstable  resonator  radiation.  Figure  (8)  shows  the  experimental  arrangement.  The  output 
facet  of  an  unstable  resonator  semiconductor  laser  is  imaged  to  the  input  sht  and  then 
through  a  grating  spectrometer.  In  the  input  slit  of  the  spectrometer,  ASE  radiation 
appears  as  a  line  source  that  extends  slightly  beyond  the  injection  stripe  width.  The 
spectrometer  output  aperture  displays  a  spectrally  disprsed  series  of  facet  images. 
Typical  data  are  shown  in  Figure  (9).  The  radiation  intensity  patterns  are  shown  as 
/(x,A)  [27].  It  is  obvious  that  the  x-distribution  of  intensity  is  a  strong  function  of 
wavelength,  as  well  as  gain  level  relative  to  threshold.  Well  below  threshold,  the  patterns 
show  a  decided  parabolic  shape,  with  the  wavelength  that  satisfies  a  standing-wave 
condition  along  the  optic  axis,  or  core,  of  the  resonator  concentrated  near  the  core,  while 
longer  wavelengths  are  concentrated  in  laterally  displaced  regions.  Nearer  to  threshold, 
the  central  radiation  brightens  and  spreads  out  laterally  while  apparently  sapping  ASE 
power  from  the  other  wavelengths.  Finally,  at  threshold  the  central  radiation  brightens 
still  further,  spreading  across  the  entire  gain  region  of  the  device.  These  patterns  allow  us 
to  observe  the  spatial-spectral  mode  formation  process  of  the  1-D  unstable  resonator. 
Surprisingly,  the  ASE  distributions  are  not  well  represented  in  terms  of  modes  of  the 
unstable  resonator.  Note  that  these  features  will  be  present  in  all  lasers  using  unstable 
resonators;  the  semiconductor  laser  with  a  1-D  unstable  resonator  allows  us  to  see  the 
phenomena  in  a  particularly  clear  fashion. 
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We  will  elaborate  on  these  features,  as  well  as  provide  an  explanation  of  the  data  based 
on  the  regenerative  amplifier  properties  of  unstable  resonators.  First,  however,  we  will 
discuss  the  modes  and  adjoint  modes  of  the  resonator. 

6. 1  UNSTABLE  RESONATOR  MODES  AND  ADJOINT  MODES 

The  normal  modes  of  the  unstable  resonator  are  distributions  of  amplitude  and  phase  that 
are  self-replicating  under  a  round-trip  propagation  through  the  resonator.  The  mode  set 

(x)  J  provides  solutions  to  the  integral  equation 

U„{x)  =  J K{x,x')u„ix')dx'  ,  (21) 

in  which  K(x,x')  is  the  round-trip  propagator,  including  the  total  gain  and  phase  accrual, 
and  is  the  loaded  eigenvalue  for  the  «-mode.  (The  following  section  contains  a 

detailed  description  of  the  kernel.)  The  kernel  of  this  integral  equation  is  not  Hermitian, 
so  that 

K{x,x')^K\x\x)  (22) 

and  the  modes  are  not  power  orthogonal.  Therefore, 

^Ul^(x)U„{x)dx^Q  when  m^n.  (23) 

However,  the  individual  modes  can  always  be  power-normalized  so  that 

J|?7,(x)|  for  alii.  (24) 

The  adjoint  mode  set  (x) J  is  an  auxiliary  fimction  set  that  is  useful  in  unstable 

resonator  analysis.  These  functions  satisfy  the  integral  equation, 

KV„i.x)  =  \K\x,x')V„{x')dx'  ,  (25) 

in  which 

{x,x')= K{x' ,x)  ,  (26) 

and  it  is  obvious  that  the  spectrum  of  eigenvalues  for  K  and  are  irtentical 
Therefore,  there  is  a  one-to-one  correspondence  between  the  modes  and  adjoint  modes. 
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with  the  functions  satisfying  a  biorthogonality  condition  as 
\v„{x)U„{x)dx=S^  .  (27) 

When  the  modes  are  power-normalized,  the  normalization  of  the  adjoint  modes  can  be 
picked  to  satisfy  this  last  relation.  References  [25]  and  [26]  provide  an  excellent 
summary  of  the  modes,  adjoint  modes  and  excess  spontaneous  emission  factor,  K,  for 
non-Hermitian  unstable  resonator  systems.  Significantly,  when  the  modes  are  power- 
normalized  and  the  adjoint  modes  are  normalized  to  be  biorthonormal  to  the  modes,  then 

the  K-factor  for  mode  f/„  is 

(28) 

The  modes  and  adjoint  modes  have  been  used  extensively  in  analyzing  the  above¬ 
threshold  properties  of  unstable  resonators.  In  particular,  the  dominant  mode  with  the 
largest  eigenvalue  magnitude  tends  to  diverge,  filling  the  aperture  of  the  unstable 
resonator  gain  and  providing  an  excellent  description  of  the  actual  operation  of  unstable 
resonators  in  the  laboratory.  However,  this  same  mode  set  bears  little  resemblance  to  the 
ASE  patterns  displayed  in  Fig.  (9).  An  alternative  description  appears  to  be  necessary. 

6.2  REGENERATIVE  AMPLIFIER  PROPERTIES  OF  UNSTABLE  RESONATORS 

The  ASE  patterns  of  Fig.  (9)  are  extremely  nonuniform  [27].  They  result  from  single-  and 
multiple-pass  ASE  inside  the  resonator.  An  alternative  perspective  is  offered  by 
considering  ASE  as  the  regeneratively  amplified  vacuum  fluctuation  field  that  is  incident 
on  the  resonator  filled  with  gain  [28].  Regenerative  amplification  of  the  vacuum  field 
was  originally  used  by  Schawlow  and  Townes  in  their  derivation  of  the  laser  linewidth 
formula.  Recently,  researchers  have  revived  this  type  of  analysis  in  order  to  provide  a 
clearer  picture  of  the  origins  of  excess  noise  and  the  K-factor.  As  a  first  step  in  deriving 
the  ASE  patterns,  we  propose  to  consider  the  regenerative  amplifier  properties  of 
unstable  resonators. 

Figure  (10)  displays  the  essential  elements  in  the  analysis  of  a  regenerative  amplifier. 
S(x)  represents  an  input  field  that  is  transmitted  into  the  resonator.  This  field  adds 
coherently  onto  the  field  C(x)  circulating  inside  the  regenerative  amplifier,  so  that  the 
total  field  at  the  back  mirror  plane  is 

F(x)  =  5(jc)  +  C(x)  .  (29) 

We  complete  the  argument  by  relating  the  circulating  field  to  the  total  field  as 

C(x)=jA:(x,x')F(jc')^if'  , 


(30) 
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in  which  K(x.x),  as  defined  earlier,  is  the  round-trip  propagator  for  the  unstable  resonator 
including  the  total  gain  and  phase  accrual.  (We  emphasize  that  out  definition  of  K  differs 
from  the  conventional  definition  in  that  it  includes  the  roundtrip  gain  and  phase  factor.) 
In  this  case,  the  round-trip  begins  and  ends  at  the  back  mirror,  but  any  choice  of  reference 
plane  could  be  used.  We  form  K(x,x')  by  propagating  from  a  point  source  at  location  x' 
at  the  back  mirror  to  the  feedback  mirror  plane.  At  this  plane,  we  apply  a  gain/phase 
sheet  as 

gain  sheet  =  exp(g(x)  •  -\-i27tnL  IX),  (31) 

in  which  represents  the  spatial  distribution  of  amplitude  gain,  n  is  the  index,  X  is  the 
wavelength,  is  the  gain  length,  and  L  is  the  mirror  separation  at  x=0  (optic  axis). 

We  then  apply  the  phase  contributed  by  the  feedback  mirror  curvature.  Finally,  we 
propagate  to  the  back  mirror,  and  once  again  apply  a  gain/phase  sheet  to  represent  the 
gain  accrual  on  the  return  pass.  The  result  of  these  operations  is  given  by  a  field 
distribution,  /i<x),  at  the  back  mirror.  This  field  represents  one  column  of  the  round-trip 
propagation  matrix  for  the  loaded  resonator  as 

=  (32) 

We  then  fill  the  matrix  K(x,x')  by  repeating  this  calculation  for  all  beginning  source 
points  x’  at  the  start/stop  plane  of  the  resonator.  The  matrix  K(x,x*)  gives  a  reasonably 
accurate  representation  of  the  round-trip  propagator  for  the  unstable  resonator  with  gain. 
We  can  obtain  an  even  more  accurate  representation  of  the  distributed  gain  by  using  a 
larger  number  of  gain  sheets  and  propagators.  We  found  that  our  results  were  not 
sensitively  dependent  on  the  number  of  these  gain  sheets. 

We  can  combine  these  relations  into  a  final  integral  equation  for  the  field  distribution  of 
the  regenerative  amplifier  as 

F(x)=.J(x)+ J K{x,x')F{x')dx'  =  S+K*F .  (33) 

For  a  given  input,  S(x),  the  solution  to  this  integral  equation,  F(x),  is  the  regeneratively 
amplified  field  at  the  back  plane  of  the  unstable  resonator.  This  equation  provides  the 
basis  for  all  of  the  following  analyses. 

6.3  OPTIMUM  INPUT/OUTPUT  FIELDS 

The  regenerative  gain  experienced  by  an  incident  field  will  be  an  extremely  sensitive 
fimction  of  the  incident  wavelength,  as  well  as  the  detailed  field  configuration  in  both 
amplitude  and  phase.  This  consideration  leads  to  an  important  problem:  For  a  given 
wavelength  and  gain  setting  is  there  an  input  distribution,  S(x),  that  will  maximize  the 
regenerative  gain  of  an  unstable  resonator  regenerative  amplifier?  If  such  solutions  exist, 
then  vacuum  fluctuations  in  these  configurations  will  generate  the  maximum  ASE  power, 
becoming  the  most  easily  observed  outputs,  and  providing  the  best  agreement  with  the 
observed  ASE  patterns. 
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We  can  phrase  our  optimization  problem  in  either  one  of  two  ways: 

1)  For  fixed  circulating  field  power,  find  the  input  distribution  that 
minimizes 

the  required  input  power. 

2)  For  fixed  input  power,  find  the  input  distribution  that  maximizes  the 
circulating  power. 

Although  these  formulations  lead  to  equivalent  problems,  we  will  develop  our  solution 
from  the  first  form.  The  input  field  is  related  to  the  circulating  field  as 

Six)=F(x)-K*Fix)^(l-K)*F .  (34) 

The  total  input  power  is  given  by 

Pin  =  J dx=j \Fix)-K*F(x)f  dx ,  (35) 


while  the  total  circulating  power  is 


We  now  minimize  the  functional 


,  (37) 

in  which  the  Lagrange  Multiplier,  a,  is  used  to  incorporate  the  fixed  circulating  power 
constraint.  The  fimctional  derivatives  with  respect  to  either  F  or  F*  of  the  quantity  Q 
must  vanish.  The  latter  choice  leads  to  an  integral  equation  for  Fas 

5F 

in  which  the  superscript,  +,  denotes  the  Hermitian  conjugate  of  the  loaded  round-^ 
propagation  matrix  K.  Finally,  we  can  rearrange  terms,  yielding  an  eigenvalue  equation 
for  optimized  circulating  fields  as 

F„=a„F„.  (39) 

The  sohiti»"s  to  this  equation  represent  the  hi^est-power  circulating  field  distributions 
that  are  possible.  In  addition,  the  spectrum  of  eigenvalues,  for  this  Hermitian  problem 
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are  fte  reciprocal  of  the  regenerative  gains  defined  as  the  circulating  powers  divided  by 
the  input  powers.  We  emphasize  that  since  our  definition  of  the  round-trip  propagator,  K, 
depends  on  gain,  g,  as  well  as  wavelength,  X ,  the  eigenvalue  problem  and  its  solutions 
will  vary  with  changes  in  gain  and  wavelength  of  the  radiation.  These  depstutmiHes  will 
allow  us  to  explain  the  full  range  of  spatio-spectral  phenomena  occurring  from  well 
below  threshold  up  to  the  laser  threshold.  The  next  section  will  examine  details  of  the 
solutions  for  various  settings  of  gain  and  injection  wavelength. 

The  input  field,  Sn,  that  is  associated  with  each  circulating  field,  F„,  can  be  as 

S=i\-K)*F„.  (40) 

Alternatively,  we  can  derive  an  equation  for  the  injected  fields.  S’,  by  simply  operating  on 
both  sides  of  the  F-equation  with  the  operator  (1  -  .AT) .  This  yields 

(41) 

in  which  the  spectrum  of  eigenvalues  are  identical  to  those  generated  by  the  F-equation. 
We  will  refer  to  this  as  the  iS-equation.  Although  the  original  mode  equation  involves  the 
non-Hermitian  operator,  K,  both  the  F-equation  and  the  iS-equation  involve  combinations 
of  K  leading  to  a  Hermitian  operator.  For  now,  we  note  that  the  eigenvalues  are 
necessarily  real,  while  the  eigenfunctions  with  different  eigenvalues  are  necessarily 
power  orthogonal. 

6.4  A  SAMPLING  OF  SOLUTIONS 

We  solve  these  equations  by  first  storing  the  propagation  kernel,  AT,  as  a  large,  but  finite, 
matrix.  Next  the  matrix  approximation  to  the  F-  or  S-  equation  is  formed.  This  matrix 
eigenvalue/eigenvector  problem  is  solved  with  the  standard  routine,  EISPACK.  The 
smallest  eigenvalue  is  associated  with  the  input  field  that  yields  the  largest  regenerative 
gain. 

For  our  first  case,  we  will  fix  the  wavelength  while  varying  the  gain  level.  The  laser 
parameters  are  listed  in  Table  I.  We  pick  a  wavelength  satisfying  a  standing  wave  or 
resonance  condition  on  the  optic  axis  of  the  resonator.  (The  optical  path  length  of  the 
optic  axis  from  the  back  mirror  vertex  to  the  front  mirror  vertex  is  equal  to  an  integer 
number  of  half  wavelengths.)  Figure  (11)  shows  the  circulating  intensities  for  the  highest 
gain  eigenfunctions  corresponding  to  the  lowest  magnitudes  of  the  real  eigenvalues,  a„. 
The  gain  settings  for  each  case  range  from  80%  of  threshold  up  to  99.9%  of  threshold. 

The  near-threshold  intensity,  (x)|  ,  is  essentially  identical  to  the  intensity  pattern  of 

the  dominant  mode,  [  C/j(x)|  ,  and  has  an  eigenvalue  near  zero,  corresponding  to  an 
enormous  regenerative  gain.  Figure  (12a)  displays  the  intensity  while  Fig.  (12b)  shows 
the  phase  of  the  associated  injected  field,  (x),  for  the  99.9%  case;  also  on  Fig  (12b), 
we  show  the  phase  of  the  circulating  field.  Notably,  as  the  gain  approaches  threshold,  the 
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phacp  curvature  rapidly  approaches  the  curvature  of  the  geometrical  converging  wave; 
this  is  satisfying  behavior  for  these  maximum  gain  solutions.  More  precisely,  near 
threshold,  the  dominant  injected  field  approaches  the  complex  conjugate  of  the  adjoint 

mode,  V*(x). 

For  our  second  case,  we  will  fix  the  gain  to  90%  of  threshold,  while  varying  the 
wavelength  about  the  value  that  is  resonant  on  the  optic  axis.  Results  for  fi-equency 
variations  are  shown  in  Fig.  (13).  In  particular,  by  tuning  to  lower  frequencies  and  longer 
wavelengths,  the  distributions  develop  a  depletion  on-axis,  with  the  lateral  width  of  the 
depleted  zone  increasing  as  the  wavelength  is  increased.  We  find  tha^t  the  peak  intensity 
shifts  off  of  the  optic  axis  to  a  location  at  which  a  standing-wave  condition 
is  approximately  satisfied  for  the  longer  wavelength;  this  property  is  in  excellent 
agreement  with  the  experiments  [29]. 

Finally,  in  Fig.  (14),  we  use  a  gr^-scale  plotting  technique  to  simultaneously  generate 
the  near-field  intensity  as  a  function  of  X  and  A  These  patterns  provide  the  closest 

approximation  to  the  brightest  patterns  observed  experimentally,  as  displayed  in  Fig.  (9) 
The  Campari »nns  are  so  favorable  that  we  must  conclude  that  solutions  for  optimized 
regenerative  gain,  the  solutions  of  the  F-equation,  provide  an  explanation  for  the  near¬ 
field  ASF,  patterns  radiated  from  unstable  resonators. 

6.5  A  VARIETY  OF  GAIN  DEFINITIONS 

We  will  discuss  three  types  of  gain  calculation  that  can  be  made  for  regenerative 
amplifiers  using  an  unstable  or  non-Hermitian  resonator.  First,  consider  the  regenerative 
power  gain  realized  when  unit  power  is  injected  with  ampUtude  and  phase  corresponding 
to  the  dominant  mode,  U^(x) ,  of  the  resonator.  On  multiple  round-trips,  this  field 
configuration  is  unchanged,  except  for  multiplication  by  the  round-trip  loaded 
eigenvalue.  The  net  regenerative  mode-in/mode-out  power  gain  is  given  by 

in  which  Aj  is  the  feedback  eigenvalue  for  the  dominant  mode  in  the  gain-loaded 
resonator;  near  threshold,  this  feedback  eigenvalue  ^preaches  unity. 

Second,  consider  the  maximum  regenerative  gain  that  can  be  obtained.  This  was  the 
motivation  leading  to  the  F-  and  S-  equations.  This  optimized  regenerative  gam  is 

=  J  \F,  {xf  dxl^\S,  (xf  dx=^,  (43) 

in  which  is  the  minimum  eigenvalue  of  the  F-equation. 

Third,  consider  the  regenerative  power  gain  of  the  dominant  resonator  mode  when  the 
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injeaed  field  is  optimized  to  the  iS-equation  solution.  Recall  that,  as  the  system 
approaches  threshold,  the  S-equation  solutions  approach  the  complex  conjugate  of  the 
adjoint  modes.  We  can  project  out  the  dominant  mode  content  of  the  circulating  field  and 
define  a  maximum  mode  gain  as 


in  which  we  project  using  the  dominant  adjoint  mode. 

As  the  amplifier  approaches  threshold,  numerical  experiments  yield  an  interesting 
relationship  between  the  mode  gain  and  the  maximum  mode  gain.  This  is  given  by 

Gm  (45) 

in  which  the  Petermann  K-factor  of  the  dominant  mode  appears  on  the  right-hand-side. 
The  origin  of  this  K-factor  gain  enhancement  is  well  understood  corresponding  to 
“adjoint  coupling”  in  which  the  complex  conjugate  of  the  adjoint  mode  allows  the  largest 
possible  excitation  of  the  dominant  mode  [25].  The  F-  and  iS-equations  generalize  this 
adjoint  coupling  to  gain  settings  below  threshold. 

6.6  HERMITIAN  VERSUS  NON-HERMITIAN  RESONATORS:  SUMMARY 

The  Hermitian  equations  for  the  optimized  circulating  fields  and  injected  fields  are  given 
as 

(1-^:^  {g,  X))  *{\-Kig,  X))  *  F„  =a„F„  (46) 

(l-K(g,  X))  (g,  X))  *S„  =a„  S„ ,  (47) 

in  which  the  eigenvalue  spectrums,  ,  are  identical.  We  have  explicitly  shown  the  gain 
and  wavelength  dependence  of  the  roimd-trip  operators  in  order  to  emphasize  that  for  the 
non-Hermitian  cases  the  operators  on  the  left-hand-side,  as  well  as  all  solutions,  will 
change  with  gain  and  wavelength. 

When  the  resonator  is  well  represented  with  a  Hermitian  round-trip  matrix,  then 
K  =  ,  and  it  is  obvious  that  solutions  of  the  mode  equation  will  solve  both  the  F- 

equation  and  the  S’-equation.  For  laser  systems  with  Hermitian  resonators,  we  find  that 

U„ix)=V:(x)=F„(x)=S„(x)  (48) 

SO  that  an  injected  mode  will  provide  the  highest  regenerative  gain  on  that  same  mode; 
this  is  referred  to  as  “mode-matching”.  Also,  these  eigenfunctions  will  not  change  with 
gain  or  wavelength  changes.  The  regenerative  properties  of  Hermitian  systems  are 
obviously  far  simpler  than  the  regenerative  properties  of  non-Hermitian  systems. 
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7.  Conclusions  and  Future  Prospects 

To  date,  several  prototypical  semiconductor  lasers  incorporating  an  unstable  resonator  for 
lateral  mode  control  have  achieved  essentially  diffraction-limited  performance  up  to  the 
one-watt  cw-power  level.  We  have  concentrated  our  discussion  on  two  genres  of  design, 
the  curved  mirror  facet  design,  realized  by  focussed  ion  beam  micromachining  (FIB),  ^d 
the  regrown  lens  train  (RLT)  design.  The  primary  drawback  of  the  FIB  micromachining 
process  in  forming  curved  mirror  surfaces  on  diode  lasers  is  that  it  is  not  well  smted  for 
batch  or  mass-production  procedures.  Alternatively,  the  wet-chemical  etching  and 
subsequent  MOCVD  regrowth  involved  in  the  RLT  fabrication  process  lend  themselves 
nicely  to  both  batch  production  and  reproducibility. 

Despite  some  early  successful  prototype  experiments,  semiconductor  lasers  incorporating 
unstable  resonator  cavity  designs  are  not  commercially  available,  nor  are  companies 
planning  their  introduction  in  the  near  future.  At  least  two  elements  contribute  to  this 
position  in  the  commercial  laser  world.  Firstly,  the  overwhelming  number  of  users 
require  only  low  to  moderate  powers,  and  compames  concentrate  on  satisfying  this 
traditional  customer  base.  Secondly,  the  additional  processing  required  for  realizing  a 
semiconductor  laser  with  an  unstable  resonator  is  difficult  and,  typically,  only  research 
teams  serving  customer’s  special  needs  have  made  the  effort.  Perhaps,  as  semiconductor 
lasers  gain  a  larger  share  of  the  laser  maiket,  more  and  more  high-power  semiconductor 
laser  applications  will  be  considered.  These  market  forces  coupled  with  improvements  m 
processing  and  yield  should  motivate  more  companies  to  consider  unstable  resonators  for 
semiconductor  lasers. 

The  semiconductor  laser  with  an  unstable  resonator  exemplifies  a  one-dimensional 
unstable  resonator.  As  such,  it  allows  us  to  clearly  observe  the  spatial  and  spectral 
evolution  of  the  output  radiation  as  the  device  gain  is  varied  below  threshold.  The  mode 
formation  or  ASE  properties  of  lasers  with  unstable  resonators  prove  to  be  considerably 
richer  than  the  analogous  phenomena  observed  in  lasers  using  stable,  nearly  Hermitian, 
resonators.  We  explained  the  unstable  resonator  results  by  deriving  Hermitian  equations 
for  the  optimized  circulating  fields  and  optimized  injected  fields,  the  F-equation  and  S- 
equation.  Although  the  original  mode  equation  involves  the  non-Henmtian  operator, 
both  the  F-equation  and  the  iS-equation  involve  combinations  of  K  leading  to  a  Hermitian 
operator  Therefore,  the  eigenvalues  are  real,  while  the  eigenfunctions  with  different 
eigenvalues  are  power-orthogonal.  We  are  currently  exploring  the  potential  apphcations 
of  these  power-orthogonal  function  sets. 


Figure  1.  Half-symmetric  device 


Figure  2.  Regrown  lens  train  device. 


Figure  3.  Ray  trace  for  virtual  source 
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Figure  9.  Dispersed  ASE  patterns 
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Figure  1 1 .  Circulating  intensities  for  resonant  wavelength. 


Figure  12a.  Injected  intensity 


Figure  12b.  Phase  profiles. 
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Abstract 

Resonators  capable  of  extracting  highly  coherent  energy  from  DF  and  HF  chemical  laser 
annular  gain  media  have  been  under  investigation  for  weapon  application  since  1974. 
This  survey  article  traces  the  background  of  interest  in  these  devices  and  describes  the 
various  concepts  that  have  been  experimentally  and  analytically  investigate.  A  preferred 
concepts  was  selected  for  high  power  operation  and  is  currently  the  subject  of  a  high 
power  demonstration  program  (Alpha).  This  paper  also  provides  a  summary  of  the 
Alpha  Program  including  its  history  and  hardware  legacy. 


1.  Introduction 

To  understand  the  rationale  for  HEL  community  interest  in  annular  resonators  for  high- 
power  chemical  lasers,  let  us  take  a  hypothetical  case  of  a  space  based  laser  weapon  with 
a  multimegawatt  output  power  requirement.  Although  DF  and  HF  nozzles  operate  at 
high  efficiency,  their  typical  power  density  (5)  is  low.  Thus  configuring  a  linear 
resonator  to  these  constraints  would  require,  for  a  reasonable  nozzle  bank  height,  a 
cavity  length  in  excess  of  20  m.  Such  large  cavity  lengths  create  a  variety  of  problems 
for  the  weapon  system  designer. 

To  ameliorate  these  problem  areas  for  weapon-sized  chemical  laser  resonators,  the  HEL 
conununity  has  since  1974  been  investigating  the  use  of  gain  generators  configured 
annularly  with  resonators  designed  to  efficiently  extract  highly  coherent  radiation  from 
them.  Such  configurations  offer  efficient  packaging  of  a  large  nozzle  exit  area  while 
shortening  the  active  medium  length.  The  shorter  cavity  length  reduces  the  deleterious 
effects  of  the  medium  refractive  index  inhomogeneity,  diffractive  losses,  and 
misalignment  sensitivity. 

A  considerable  effort  has  been  expended  in  the  search  for  a  viable  resonator  for  use  with 
an  annular  gain  medium.  Sponsors  of  these  efforts  from  within  the  U.S.  government 
have  included;  the  Navy  (PMS-405)  which  funded  the  first  study  contracts  to  investigate 
annular  resonators,  the  Air  Force  (AFWL)  which  developed  annular  resonators 
principally  for  their  Sigma/Tau  Program,  and  DARPA  which  is  engaged  in  resonator 
development  for  their  space  based  laser  (SBL)  program.  The  DARPA  effort  transitioned 
to  the  Strategic  Defense  Initiative  Organization  (SDIO)  space  based  laser  program. 
SDIO  was  renamed  the  Ballistic  Missile  Defense  Organization  (BMDO)  which  currenfiy 
runs  the  SBL  Program. 
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In  the  remainder  of  this  paper,  the  development  of  annular  resonators  for  high-power 
chemical  lasers  is  discussed.  Specific  concepts  which  have  been  investigated  either 
experimentally  or  analytically  are  addressed  in  Section  2.  Their  basis  of  operation  and 
major  results  from  testing  and/or  analysis  will  be  covered.  Section  3  will  address  the  two 
major  annular  chemical  laser  programs  —  Sigma/Tau  and  Alpha. 

Section  4  concludes  the  article  and  will  be  a  reiteration  of  the  successes  achieved  and  the 
major  obstacles  remaining  which  must  be  overcome  in  order  for  annular  resonators  to  be 
successful  in  high-power  chemical  laser  applications. 


2.  Annular  Resonator  Concepts 

2.1  TORIC  UNSTABLE  RESONATOR 

The  principal  requirements  on  an  annular  resonator  for  weapon  application  is  to  extract 
coherent  energy  from  an  aimular  gain  region.  To  accomplish  this  function  requires  that 
the  resonator  couple  its  mode  to  the  gain  medium  in  a  manner  which  expedites  power 
extraction  while  at  the  same  time  maintaining  mode  control  to  insure  good  beam 
quality.  To  illustrate  the  methods  for  coupling  a  resonator  mode  to  an  annular  gain 
medium,  consider  the  linear  half  symmetric  unstable  resonator  (HSUR)  shown  in  Figure 
la.  To  efficiently  couple  it  to  annular  gain  medium  this  mode  must  at  some  point  in  its 
path  be  in  an  annular  configuration.  The  most  straightforward  means  of  achieving  an 
aimular  mode  is  to  expand  the  resonator  geometry  about  its  optic  axis  (i.e.,  the  line 
connecting  the  center  of  curvature  of  its  mirrors).  Doing  so  provides  the  most 
elementary  annular  resonator  concept  —  the  toric  unstable  resonator  (TUR),  as  shown 
in  Figure  lb  —  a  purely  annular  resonator.  The  next  logical  step  in  this  evolution  is  to 
combine  the  properties  of  a  linear  and  annular  resonator  by  providing  a  beam  compactor 
within  the  HSUR  which  serves  the  function  of  expanding  and  recompacting  the  mode  on 
each  round  trip  through  the  resonator  as  shown  in  Figure  Ic.  As  was  the  case  with  the 
TUR,  the  mode  is  expanded  about  its  axis  of  symmetry. 

The  simplest  of  annular  resonators  is  the  toric  unstable  resonator  (TUR).  As  is 
illustrated  in  Figure  lb,  radial  section  of  the  resonator  is  equivalent  to  a  linear  strip 
resonator.  It  may  be  either  standing  wave  or  traveling  wave  resonator.  It  derives  its 
name  from  the  toric  figure  of  the  feedback  mirror.  The  optics  are  surfaces  of  rotation, 
generally  with  a  quadratic  or  flat  figure  in  the  radial  direction.  Operation  of  the 
resonator  is  as  follows:  The  toric  wave  front  reflected  off  the  feedback  mirror  expands 
through  the  gain  medium  and  is  reflected  back  toward  the  feedback  mirror  by  the  rear 
annular  flat.  The  wave  front  expands  back  through  the  gain  medium  to  the  feedback 
mirror  where  the  feedback  beam  is  regenerated  by  teflection  from  the  feedback  mirror 
and  the  outcoupled  beam  passes  by  it. 

It  was  envisioned  by  early  investigators  that  coherent  output  power  would  be  produced 
in  an  annulus  which  would  have  to  be  compacted  for  propagation  through  a  beam 
control  system.  Analytical  results,  however,  indicated  that  single  transverse  mode 
operation  was  not  attainable  with  this  concept.  The  concept  violated  the  commonly  held 
opinion  that  unstable  resonator  operation  was  dependent  on  the  operation  of  its  central 
core  —  the  Fresnel  zone  surrounding  its  optic  axis  (defined  as  the  line  connecting  the 
center  of  curvature  of  the  resonator  mirrors).  This  central  core  is  thought  to  dictate  the 
resonator  performance  by  providing  diffractive  coupling  to  all  regions  of  the  output 
mode.  The  toric  optics  form  no  single  optic  axis,  thus  no  diffractive  coupling  in  the 
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azimuthal  direction  takes  place.  Modification  to  enhance  mode  control  through  beam 
rotation  were  tried  but  were  incapable  of  restoring  mode  control.  Because  of  this  major 
fault  this  concept  was  not  considered  further. 

A  rear  element  implementation  which  was  intended  to  enhance  mode  control  for  the 
TUR  is  the  cylindrical  grating  shown  in  Figure  2.  The  intent  of  its  operation  was  that 
the  radially  propagating  beam  in  the  rear  element  would  be  diffracted  by  the  grating  into 
a  variety  of  azimuthal  directions  thereby  homogenizing  the  mode.  Unfortunately 
experiments  showed  that  the  diffractive  orders  from  the  grating  formed  skewed 
components  resulting  in  a  different  annular  output  beam  for  each  diffractive  order.  The 
concept  did  not  achieve  the  desired  mode  control. 


i)  Half  Symmetric  Unstable  Rsonator  (HSUR)  b)  Toric  Unstable  Resonator  (TUR) 
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:)  Half  Symmetric  Unstable  Resonator  with  d)  Half  Symmetric  Unstable  Resonator 
Internal  Axicon  and  Rear  Flat  (HSURIA)  with  Internal  Axicon  and  Rear  Cone 

(HSURIA-RC) 

Figure  1.  Development  of  Annular  Resonators 


2.2  SARAD 

To  alleviate  the  problem  of  mode  control  found  in  the  toric  resonator,  the  concept  of  the 
Single  Axis  Resonator  for  Annular” Devices  (SARAD)  was  created.  The  concept  was 


214 


conceived  at  the  AFWL  and  analyzed  by  BDM  under  AFWL  sponsorship.  As  shown  in 
Figure  3,  this  concept  is  essentially  a  linear  resonator  which  employed  an  axicon  and  a 
rear  cone  or  comer  cube  to  access  the  annular  gain  medium  while  retaining  a  unique 
optic  axis.  The  resonator  operates  as  follows:  The  feedback  beam  passes  tlu-ough  the 
scraper  and  is  expanded  in  a  telescope  and  coupled  into  one  side  of  the  annular  gain 
medium  by  the  axicon.  After  passing  through  the  gain  medium  and  it  is  reflected  across 
the  gain  generator  centerline  by  the  rear  element  and  propagates  through  the  opposite 
side  of  the  gain  medium  and  is  recompacted  by  the  axicon.  The  crescent  shaped  annular 
beam  covers  less  than  one  half  of  the  annulus  on  each  pass  through  the  gain  medium, 
thereby  addressing,  on  two  passes,  a  large  portion  of  gain  volume. 


The  ultimate  undoing  of  the  concept  was  its  poor  extraction  efficiency  and  highly  non- 
uniform  intensity  distribution.  It  was  difficult  to  form  a  crescent  shaped  beam  which 
accessed  the  gain  medium  well.  Other  weaknesses  include  poor  compatibility  problems 
with  conventional  beam  control  systems. 

2.3  HSURIA 

The  Half-Symmetric  Unstable  with  Internal  Axicon  (HSURIA)  is  an  attempt  to  combine 
the  best  aspects  of  the  toric  resonator  and  the  SARAD.  As  can  be  seen  in  Figure  Ic,  the 
HSURIA  is  a  standing  wave  resonator  which  is  also  the  annular  analog  of  the  half 
symmetric  linear  unstable  resonator.  It  has  the  simplicity  of  the  toric  optics  from  the 
toric  resonator  and  provides  a  single  optic  axis  at  least  in  the  compact  leg.  It  operates  as 
follows:  The  wavefront  reflected  from  the  feedback  mirror  propagates  through  the 
compact  leg  to  the  beam  expander  inner  cone  where  it  is  mapped  by  the  beam  expander 
into  the  annular  region.  In  the  annular  region  the  wave  propagates  through  the  gain 
medium  to  the  rear  flat  where  it  is  reflected  back  toward  the  beam  expander,  again 
passes  through  the  gain  medium  and  is  recompacted  by  the  beam  compactor.  In  its 
compacted  form  the  wave  propagates  back  to  the  scraper  mirror  where  the  output  and 
feedback  beams  are  separated. 

The  HSURIA  configuration  shown  in  Figure  Ic  has  been,  when  combined  with  a  large 
number  of  implementation  options,  the  subject  of  the  largest  amount  of  experimental 
and  analytical  investigation  of  any  annular  resonator.  The  following  paragraphs  describe 
the  various  implementation  options  which  have  been  investigated. 


The  use  of  a  rear  flat  is  discussed  above.  It  was  the  original  implementation  of  the 
HSURIA,  It  has  demonstrated  lowest  order  mode  operation  both  experimentally  and 
analytically  but  was  extremely  sensitive  to  tilt  of  the  rear  element.  The  basic  problem  is 
the  azimuthally  varying  optical  path  length  induced  by  the  rear  flat  tilt.  Thus  the  wave 
recompacted  by  the  beam  compactor  contained  an  on-axis  phase  shear  which  degraded 
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mode  control  at  very  small  values  of  tilt.  Two  rear  element  implementations  intended  to 
solve  this  problem  were  subsequently  investigated.  They  were  the  comer  cube  and  the 
cone  (Fig.  Id).  By  introducing  a  common  pass  feature  to  the  HSURIA,  sensitivity  to  tilt 
of  the  rear  element  was  essentially  eliminated.  Problems,  however,  remained  for  both 
designs.  For  the  comer  cube  a  large  weight  and  voliune  allocation  was  needed  and  the 
relative  alignment  of  the  cube  facets  was  critical  to  producing  good  beam  quality  —  both 
problems  for  weapon-sized  devices.  For  the  rear  cone,  experiments  showed  operation  on 
higher  order  polarization  states  only.  The  reason  for  this  behavior  was  ultimately 
explained  by  Fink  [1]  as  being  a  result  of  the  polarization  scrambling  properties  of  the 
toric  elements.  Indeed  the  only  possible  modes  of  this  concept  were  either  radially  or 
tangentially  polarized.  The  solution  to  the  polarization  problem  was  the  development  of 
special  phase  shift  coatings,  which,  when  placed  on  the  toric  elements  of  the  resonator 
produced  no  net  polarization  shift  in  a  round  trip  through  the  resonator.  The 
combination  of  a  rear  cone  and  polarization  control  coatings  has  been  demonstrated  both 
experimentally  and  analytically  to  produce  a  zero-order  azimuthal  mode. 

Several  compact  leg  implementation  options  have  been  developed  for  the  HSURIA  to 
enhance  the  mode  control  properties  of  the  resonator.  The  first  of  these,  the  Integral 
Master  Oscillator/Power  Amplifier  (IMOPA),  is  illustrated  in  Figure  4.  It  was  developed 
by  TRW  for  the  DARPA  Novel  Resonator  Program.  The  intent  of  its  operation  was  to 
form  a  separate  oscillator  region  within  the  HSURIA  with  a  low  equivalent  Fresnel 
number  to  enhance  diffractive  cross  coupling.  The  oscillator  is  formed  by  a  break  in  the 
properties  of  the  feedback  mirror.  The  interior  region  of  the  feedback  may  be  thought  of 
as  a  separate  oscillator  driving  an  external  amplifier.  Energy  diffracting  from  that 
central  oscillator  into  the  higher  magnification  region  of  the  feedback  mirror  would  then 
rapidly  walk  out  of  the  feedback  volume  and  be  outcoupled.  Theory  indicated  that  the 
normi  interleaving  of  modes  found  in  unstable  resonators  was  not  present.  The  lowest 
order  mode  remained  the  lowest  loss  mode  over  a  very  wide  range  of  equivalent  Fresnel 
number.  Unfortunately  experiments  with  this  configuration  demonstrated  very  poor 
beam  quality  and  analysis  indicated  that  peak  intensities  on  the  compact  leg  mirrors 
would  be  greater  than  those  in  the  HSURIA. 


The  second  compact  leg  implementation  could  be  construed  to  be  a  variant  of  the 
IMOPA  but,  in  fact,  has  a  quite  different  intent.  This  option,  called  the  Unstable 
Resonator  With  Canceling  Edge  Wave  (URCEW),  was  developed  at  the  Air  Force 
Weapons  Laboratory  and  is  intended  to  diminish  edge  wave  effects  in  axisymmetric 
resonators.  The  effect  is  achieved  by  forming  a  small  step  near  the  periphery  of  the 
feedback  mirror  (Figure  5)  which  causes  a  destructive  interference  of  the  edge  wave 
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within  the  resonator.  This  technique  is  in  fact  a  more  practical  method  of  reducing  the 
edge  effects  than  the  previously  suggested  methods  of  variable  radius  of  curvature 
mirrors  and  serrated-edged  scraper  mirrors.  To  date  no  experimental  results  have  been 
obtained.  Analytical  results  indicate  that  a  more  benign  output  intensity  distribution  is 
possible  with  this  concept. 


The  third  entry  in  this  category  is  the  High-order  Azimuthal  Mode  Annular  Resonator 
(HAMUR)  or  Single  High  Order  Transverse  Mode  (SHOT)  concepts  developed  by 
Rocketd5me  for  the  Alpha  Program  and  Perkin-Elmer  for  the  Novel  Resonator  Program, 
respectively. 

These  options  are  actually  combinations  of  compact  and  armular  leg  treatment,  however, 
the  compact  leg  modifications  are  the  most  important.  In  both  these  concepts  the 
HSURIA  is  driven  to  operate  on  a  high  order  azimuthal  mode  by  increasing  the  losses 
for  the  fimdamental  mode.  Normally  the  selected  mode  is  a  subset  of  a  physical  attribute 
of  the  device  —  typically  the  gain  generator  support  struts.  To  induce  the  higher  order 
mode,  the  strut  width  was  increased  (Figure  6)  and  the  inner  cone  tip  was  truncated.  The 
mode  produced  for  a  typical  HAMUR  case  contains  six  segments  each  one  half  wave 
different  in  phase  from  its  adjacent  segments.  This  phase  error  was  to  be  corrected  with 
an  external  phase  plate  also  shown  in  Figure  6.  Experimental  and  analytical  results  for 
these  concepts  indicated  that  the  mode  control  required  for  high  power  application  was 
not  attainable. 


2.4  Converging  Wave 

Along  with  the  HSURIA  the  converging  wave  annular  resonator  was  the  first  use  of  a 
compact  leg  to  enhance  mode  control.  As  shown  in  Figure  7,  the  converging  wave 
resonator  is  essentially  made  up  of  two  coupled  resonators.  The  first  is  a  linear,  mode 
control  resonator  whose  output  beam  is  coupled  out  in  two  separate  annuli.  The  outer 
annulus  is  the  output  beam  and  the  inner  annulus  is  coupled  into  an  annular  region  with 
an  axicon  where  it  passes  through  the  gain  medium  twice  and  is  then  injected  back  into 
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the  mode  control  resonator.  The  retroreflected  wave  walks  back  through  the  mode 
control  resonator  being  reduced  in  size  on  each  round  trip  by  a  factor  of  the 
magnification  until  it  is  small  enough  that  diffraction  becomes  a  dominant  factor.  At 
this  point  the  wave  expands  and  is  eventually  coupled  out  of  the  resonator.  The  process 
may  be  thought  of  as  self-injection  locking.  Because  of  the  retro-reflection  of  part  of  the 
output,  the  resonator  has  a  distinctly  stable  nature.  The  result,  both  experimentally  and 
analytically,  is  a  mode  with  exceedingly  high  on-axis  intensities.  This  concept  is  not  a 
good  candidate  for  high  power  applications  because  of  the  potential  for  mirror  damage 
in  the  compact  leg. 


2.5  Annular  Ring  Resonators 

Annular  ring  resonators  are  the  annular  analog  of  linear  ring  resonators.  A  schematic  of 
a  typical  ARR  is  shown  in  Figure  8. 


The  basic  difference  in  this  resonator  and  the  HSURIA  type  resonators  are  that  there  is 
only  a  single  pass  of  the  beam  through  the  lasing  cavity  and  the  rear  element  has  been 
replaced  by  a  second  axicon.  Whereas  the  standing  wave  resonator  does  not  have  a  great 
deal  of  flexibility  in  layout  due  to  the  need  for  both  right  and  left  running  waves  to  use 
the  same  optical  path,  the  ARR  does  have  increased  flexibility.  As  a  result  the 
implementation  options  which  are  applicable  to  it  are  increased.  Note  that  the 
implementation  options  discussed  in  Section  2.3  —  IMOPA,  URCEW,  and 
HAMUR/SHOT  —  are  all  applicable  to  the  ring. 

The  basic  fault  of  the  ARR  is  its  sensitivity  to  the  relative  alignment  of  the  two  axicons. 
This  sensitivity  is  equivalent  to  that  of  the  HSURIA  with  a  rear  flat  and  is  caused  by  the 
azimuthal  variation  in  the  optical  path  length  in  the  annulus  due  to  the  tilt.  The  strength 
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of  the  ARR  relative  to  the  HSURIA  is  its  use  of  an  even  number  of  conic  elements  which 
eliminates  the  polarization  scrambling  problems. 


In  order  to  reduce  the  sensitivity  to  axicon  alignment  two  implementation  options  have 
been  investigated.  The  first  concept  is  the  Internal  Focal  Line  Aperture  (IFLA)  concept 
of  UTRC.  This  concept  used  a  spatial  filter  configured  as  two  orthogonal  line  filters  to 
reduce  the  higher  order  mode  content  in  the  resonator  (Figure  9).  Line  filters  were  used 
instead  of  a  point  filter  in  order  to  better  manage  the  clipped  energy  without  damaging 
the  filter  material.  The  concept  has  been  extensively  tested  and  analyzed  at  UTRC.  The 
basic  weaknesses  of  the  design  are  that  output  power  is  decreased  as  a  result  of  severe 
reductions  in  feedback  power  in  the  filtering  process  and  the  required  clipping  at  the 
filters  to  maintain  a  highly  focusable  beam  is  excessive.  The  alignment  of  the  line  filters 
is  also  critical. 


The  second  option  considered  was  called  the  Beam  Rotator  with  Internal  Axicon  (BRIA) 
and  its  schematic  is  shown  in  Figure  10.  Its  rationale  for  operation  is  as  follows:  as  the 
beam  passes  through  the  resonator  any  misalignment  of  the  axicons  would  result  in,  an 
on-axis  phase  shear  which  would  continue  in  the  feedback  beam  back  through  the 
resonator  accumulating  additional  phase  shear  on  each  pass.  The  BRIA  sought  to  reduce 
this  sensitivity  by  rotating  the  compact  beam  Thus  for  a  rotation  of  180°  the  phase  shear 
introduced  on  the  first  round  trip  would  be  corrected  on  the  second  round  trip.  In  this 
manner  the  resultant  mode  contains  a  shear  of  approximately  one  half  that  introduced  by 
a  single  trip  through  the  resonator.  The  major  weaknesses  of  the  concept  were  its  poor 
extraction  efficiency  due  to  the  single  pass  through  the  lasing  medium,  misalignment 
sensitivity  which,  although  improved,  was  still  not  adequate  for  high  power  operation, 
and  high  flux  loadings  on  the  axicon  inner  cones. 
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pie  operation  of  a  linear  resonator  may  be  interpreted  as  a  stable  resonator  core  with  a 
Fr^nel  number  of  approximately  one  surrounding  the  optic  axis  from  which  energy 
^acts  and  is  outcoupled  rapidly  by  the  resonator  in  a  MOPA-like  fashion  (Figure  1 1) 
Since  this  central  core  dictates  the  lower  limit  of  beam  divergence  of  the  output  beam  by 
virtue  of  the  stimulated  emission  process  and  thus  coherence  —  in  the  IMOPA 
section  of  the  resonator,  the  placement  of  the  core  in  a  relatively  clean  portion  of  the 
lasing  flow  field  has  generally  been  necessary  to  achieve  good  beam  quality.  That  is 
when  the  diffractive  core  is  allowed  to  oscillate  free  and  clear  of  perturbing  effects  it 
emits  a  highly  coherent  diffractive  output  in  all  transverse  directions  which  is  amplified 
on  subsequent  passes  through  the  resonator  to  ultimately  form  the  output  beam. 
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Figure  11.  Resonator  Core  Dictates  Mode 


The  annular  resonators  discussed  thus  far.are,  except  for  the  SARAD,  axisymmetric  in 
design  and  therefore  violate  this  philosophy  of  resonator  design.  In  fact,  the  previously 
discussed  concepts  require  the  mapping  of  the  diffractive  core  in  the  compact  region  into 
a  thin  annifius  in  the  ^ular  region.  Diffractive  cross-coupling  of  the  beam  in  the 
annular  region  is  negligible.  Subsequent  recompaction  of  the  wave  does  not  necessarily 
reform  a  coherent  core,  especially  if  azimuthally  varying  perturbations  are  present  in  the 
annular  region.  This  is  the  primary  reason  that  early  investigators  found  that  a  long 
compact  leg  was  necessary  in  axisymmetric  configurations  in  order  to  filter  out  the  high 
spatial  frequency  perturbations  introduced  in  the  annulus.  Even  with  long  compact  legs, 
annul^  resonators  remained  both  analytically  and  experimentally  more  sensitive  to 
perturbations  than  their  linear  counterparts. 


To  alleviate  these  fundamental  problems,  an  implementation  option  of  the  ARR  was 
developed  by  simply  decentering  the  feedback  hole  in  the  scraper  minor  as  shotvn  in 
Fi^re  12.  Note  that  by  performing  this  simple  transformation,  the  location  of  the  optic 
axis  IS  removed  from  the  vicinity  of  the  axicon  tip.  The  modification  also  provides  an 
unbroken  core  throughout  the  resonator.  The  core  remains  contiguous  in  the  annular 
regions  and  can  thus  communicate  diffractively  throughout  the  resonator,  not  just  in  the 
impact  beam.  Beam  rotation  in  the  compact  leg  can  be  used  to  modify  the  location  of 
the  optic  axis  in  both  the  compact  and  annular  regions.  The  concept  is  refetred  to  as  the 
Derentered  feedback  Annular  Ring  Resonator  (DARR).  The  major  strengths  of  the 
DARR  were  Its  ability  to  maintain  mode  control  despite  large  aberrations  introduced  bv 
^con  tilts  and  the  significantly  reduced  flux  levels  on  the  beam  compactor  inner  cone. 
Its  major  weakness  was  the  large  beam  quality  degradation  introduced  by  those  tilts. 

The  principal  faults  of  the  ring  resonators  thus  far  discussed  are  their  sensitivity  to 
miMlignment  and  low  extraction  efBciency.  In  order  to  improve  the  concepts,  both  TRW 
and  Rocketdyne,  under  the  DARPA  sponsored  Alpha  Program,  applied  a  common  pass 
trature  to  the  DARR.  The  concepts  were  the  High  Extraction  Efficiency  DARR  (HEX- 
DARR)  and  the  Common  Pass  DARR  (CPDARR),  respectively.  In  both  cases  the 
common  pass  feature  was  accomplished  by  having  the  annular  beam  enter  and  exit  the 
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annular  region  on  separate  areas  of  a  compound  beam  expander.  The  TRW  HEX-D  ARR 
uses  a  combination  waxicon/reflaxicon  as  shown  in  Figure  13.  The  Rocketdyne 
CPDARR  used  a  compound  waxicon  with  separate  optical  zones  on  both  inner  and  outer 
cones  for  the  expansion  and  compaction  regions  (Figure  14a). 


The  resonators  operate  as  follows:  The  plane  wave  leaving  the  feedback  mirror  in  the 
preferred  direction  propagates  to  the  beam  expander  (i.e.  waxicon  in  Figures  13  and  14) 
where  it  is  mapped  into  the  annulus.  The  wave  propagates  through  the  gain  medium  and 
is  reflected  across  the  gain  generator  axis  by  the  rear  cone  and  then  back  to  the  beam 
compactor  (reflaxicon  for  the  HEX-DARR,  Figure  13  and  waxicon  for  the  CPDARR, 
Figure  14).  The  collimated  output  beam  is  then  scraped  off  leaving  the  decentered 
feedback  to  proceed  through  the  wave  train 
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Analytical  results  for  both  resonators  indicated  excellent  performance  potential.  The 
HEX-DARR  shown  has  been  the  subject  of  extensive  experimental  verification  in 
support  of  the  Alpha  program  with  good  performance  results. 

Both  the  HEX-DARR  and  CPDARR  have  the  distinct  advantages  of  excellent  mode 
control,  low  misaligiunent  sensitivity,  and  significantly  reduced  flux  levels  in  the 
compact  leg  relative  to  the  axisymmetric  configurations.The  HEX-DARR  also  has  the 
advantage  of  not  needing  polarization  control  coatings.The  CPDARR,  while  still 
requiring  special  coatings,  was  far  less  sensitive  than  the  HSURIA.  Rocketdyne  solved 
this  problem  with  the  invention  of  the  3/2  CPDARR  (Figure  14b).  The  additional 
reflection  in  the  beam  compactor  effectively  descrambles  the  output  beam  polarization. 
An  additional  advantage  was  that  a  long  compact  leg  was  not  required  for  mode  control. 
In  fact,  analyses  have  confirmed  that  a  zero  length  compact  leg  had  it  been  physically 
possible,  would  have  worked. 

The  major  disadvantages  of  these  concepts  were  their  complexity  and  the  possibility  of 
supporting  an  undesirable  reverse  mode. 

3.  High  Power  Demonstration  Programs 

The  DoD  has  embarked  on  two  high  power  armular  resonator  programs  —  Sigma/Tau 
and  Alpha.  Both  devices  are  intended  solely  to  provide  scaling  information  — 
Sigma/Tau,  a  high  pressure  DF  device,  is  intended  for  scaling  to  an  airborne  laser 
weapon  and  Alpha,  a  low  pressure  HF  device,  is  intended  for  scaling  to  a  space-based 
laser  weapon.  The  remainder  of  this  section  will  discuss  the  resonator  concepts  being 
used  on  these  programs. 

3.1  SIGMA/TAU 

The  Tau  Program  was  the  annular  resonator  program  which  used  the  Sigma  gain 
generator.  The  program  was  sponsored  by  the  Air  Force  Weapons  Laboratory  (AFWL) 
with  Rocketdyne  Division  of  Rockwell  International  as  the  prime  contractor.  Testing  of 
DF  gain  generator  (Sigma  Program)  and  the  resonator  tests  (Tau  Program)  were 
completed  in  1985,  Tau  is  a  megawatt  class  laser  with  near  diffraction  limited  beam 
quality 

The  Tau  resonator  is  an  HSURIA  with  a  rear  cone  and  is  shown  schematically  in  Figure 
Id.  The  concept  was  selected  in  1977  as  a  part  of  the  competition  for  the  program.  As 
such  the  more  recent  advancements  in  resonator  design  in  Section  2  were  not  available. 
It  may  therefore  be  considered  a  first  generation  high  power  annular  resonator. 

The  major  issues  for  the  Tau  resonator  were  the  maintenance  of  mode  control,  damage- 
free  operation  of  the  reflaxicon  inner  cone,  and  the  achievement  of  power  and  beam 
quality  goals.  A  key  accomplishment  of  the  Tau  Program  was  the  fabrication  of  annular 
optics  at  a  scale  consistent  with  weapon-sized  annular  resonators. 

3.2  Alpha 

Alpha  is  that  ground  based  test  bed  being  used  to  develop  the  technology  for,  and  to 
demonstrate  the  feasibility  of,  extracting  a  near  diffraction  limited,  multi-megawatt 
beam  from  a  space  specific  cylindrical  HF  laser.  The  Alpha  resonator  concept  is  the 
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HEX-DARR.  It  is  shown  schematically  in  Figure  15.  Note  that  uncooled  optics  made 
from  single  crystal  silicon  (Figure  16)  are  being  incorporated  throughout  the  design. 


With  the  HEX-DARR  the  achievement  of  mode  control  and  tolerable  mirror  fluxes  are 
far  less  critical  issue  than  with  any  of  the  axisymmetric  concepts.  The  major  issues  for 
Alpha  are  the  achievement  of  the  beam  quality  and  output  power  goals  at  a  scale 
appropriate  to  weapon  applications.  TRW  has  achieved  those  goals. 

A  broader  view  of  the  Alpha  test  environment  is  shown  in  Figure  17.  Key  elements 
include  the  Alpha  laser  (Figure  18)  and  the  optical  diagnositc  Assembly  (Figure  19). 
Figure  20  illustrates  the  first  lasing  accomplished  with  Alpha.  Notable  in  this  figure  is 
the  intensity  uniformity  and  the  presence  of  the  decentered  feedback  hole  in  the 
outcoupled  beam. 


4.  Conclusions 

Since  1974  a  considerable  effort  has  been  expended  by  the  HEL  community  to  find  a 
resonator  suitable  for  use  with  annular  gain  media.  The  immensity  of  the  available 
design  parameter  space  and  the  difficulty  in  testing  and  analyzing  the  available  concepts 
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has  hampered  the  effort.  However,  it  now  appears  that  the  common  pass  decentered 
annular  ring  resonator  concepts  —  HEX-DARR  and  CPDARR  —  are  indeed  capable  of 
being  used  in  weapon  system  applications.  Although  these  concepts  have  reduced 
significantly  the  impact  of  the  deleterious  effects,  a  considerable  effort  is  still  necessary 
to  bring  them  to  a  maturity  consistent  with  operational  systems.  The  major  obstacles 


Figure  20,  Alpha* s  First  Photons 


confronting  their  successful  implementation  are:  1)  effective  alignment  concepts  and 
controls  to  diminish  the  requirements  on  beam  control  systems,  2)  control  of  jitter  and 
static  and  thermal  mirror  distortion  through  improved  mirrors  and  coatings,  and  3) 
reduction  in  system  weight  through  use  of  uncooled  optics  and  improved  nozzle 
performance.  Current  studies  are  providing  high  confidence  that  scaling  of  annular 
resonators  to  a  power  level  consistent  with  current  and  future  requirements  is  achievable 
in  the  near  future. 
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Abstract 

Results  on  creation  of  diffraction  qualities  laser  installation  by  the  60  cm  aper¬ 
ture  with  SBS  with  radiation  energy  300  J  and  output  radiation  quality  control 
are  reported. 

1.  Introduction 

Presently,  to  study  the  fundamental  physical  processes  of  the  matter  behavior  in 
quasi  stationary  monochromatic  super  high  intensity  fields,  the  nanosecond 
range  laser  facilities  are  created  capable  focusing  of  radiation  in  a  wavelength 
size  spot  [1].  What  does  it  give  us?  At  first,  appears  the  capability  of  research  of 
substance  behavior  in  quasi  stationary  fields  (comparing  with  typical  atomic 
times  of  relaxation).  At  second,  appears  the  capability  of  observing  dynamics  of 
process  but  not  only  results  of  interactions.  At  third,  in  this  case  we  make  a 
deal  with  practically  monochromatic  action.  The  main  problem  of  such  lasers  is 
compensation  of  optical  elements  aberrations.  It  can  be  solved  by  using  phase 
conjugation  based  on  stimulated  Brillouin  scattering  (SBS).  This  paper  reports 
the  experimental  research  results  on  phase  conjugation  of  photodissociation 
iodine  laser  radiation  (wavelength  is  1=1.315  pm),  various  aberration  type  com¬ 
pensation  and  output  radiation  quality  control. 

2.  Laser  Setup 

In  powerful  laser  facilities  the  accumulation  of  aberrations  takes  place  during 
amplification  of  a  pulse.  Due  to  this  reason  the  laser  spot  size  on  a  target  is 
usually  much  more  than  radiation  wavelength  and  makes  up  to  20  -  100  X.  We 
suggest  to  use  a  laser  facility  with  phase  conjugation  for  compensation  of  aber¬ 
rations  and  for  focusing  of  radiation  in  a  wavelength  size  spot.  Layout  with  ex¬ 
plains  the  operation  of  this  system  is  shown  in  fig.l.  The  master  oscillator  beam 
with  the  help  of  microobjective  is  focused  in  -X  -  size  spot  and  propagates  to 
the  parabolic  mirror  with  and  finds  its  way  through  the  laser  amplifiers  and  with 
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Figure!.  Principal  scheme  of  the  laser  facility  for  obtaining  superstrong  light  fields. 

the  help  of  special  kinoform  system  it  is  injected  into  the  phase  conjugation 
mirror.  If  the  phase  conjugation  degree  is  high  enough,  then  high  energy  con¬ 
verted  beam  will  be  focused  in  the  initial  size  -  1-2  pm. 

The  facility  is  based  on  a  high  explosive  iodine  laser.  The  master  oscillator 
radiation  passes  through  the  modulator,  forming  a  pulse  with  a  duration  t  -  2  - 
20  ns,  and  then  enters  into  a  vacuum  chamber  in  which  it  is  focused  by  a  mi¬ 
croobjective  in  a  A.  -  size  spot.  30  cm  diameter  parabolic  mirror  (D/F«l)  forms 
an  input  beam  for  the  high  explosive  amplifier.  After  amplifying  the  radiation  is 
reflected  backwards  in  the  phase  conjugation  device  based  on  SBS  mirror.  The 
amplified  Stokes  radiation  is  collected  by  the  parabolic  mirror  and  some  share 
of  it  (depending  on  phase  conjugation  fidelity)  is  focused  in  a  A.  -  size  volume. 

3.  Beam  Quality  Studies 

Principle  optical  schematic  diagram  of  the  experimental  setup  for  study  of 
compensations  of  various  aberration  types  and  output  radiation  quality  control 
of  high  explosive  iodine  laser  with  SBS  is  shown  in  fig.2.  It  includes  the  master 
oscillator  of  supporting  radiation  (MO),  system  forming  spatial  angular  struc¬ 
ture  of  input  radiation  with  the  optical  delay  line,  high  explosive  iodine  laser 
amplifier  with  the  beam  expending  telescope  on  output,  device  of  SBS,  meas¬ 
uring  complexes  of  radiation  parameters.  MO  forms  a  radiation  of  required 
duration  for  making  supporting  radiation  with  the  small  divergence  by  means 
of  forming  systems  at  the  input  of  laser  amplifying  stages.  MO  consists  actually 
of  the  single -frequency  master  oscillator  and  two  preamplifier  stages  pumped 
by  Xe  flash  lamps.  Laser  radiation  parameters  are:  wavelength  -  A.  =  1.315  pm, 
power  -  P  =  80  kW,  pulse  duration  -  x  ^  100  ps,  beam  diameter  -  D  =  7.4  cm, 
divergence  (integral  over  pulse  duration)  -  6o.84e  ~  1.10‘4  rad,  Oq.si  «  4.5.10-5 
rad. 

A  supporting  beam  in  experiments  was  realized  as  follows.  MO  radiation  is 
applied  to  circular  diaphragm  with  a  diameter  do  placed  in  the  focal  plane  of 
the  three-  or  five-component  objective  having  the  focal  length  /’from  900  m  to 
4500  m.  Objective  consisted  of  positive  lens,  front  focal  plane  of  which  was 
combined  with  radiating  diaphragm,  and  one  or  two  consecutively  situated 
telescopic  pairs,  each  of  which  consisted  of  negative  and  positive  lens.  Experi¬ 
ments  were  carried  out  at  the  output  apertures  within  the  range  from  15  cm  to 
60  cm.  Radiating  diaphragm  diameter  do=ll  mm  was  chosen  so  that  estimated 
divergence  of  supporting  beam  at  the  input  of  output  telescope  of  amplifying 
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Figure  2.  Optical  layout  of  experiments  on  laser  with  phase  conjugation. 

I  -  master  oscillator,  11  -  optical  forming  system,  III  -  amplifiers,  IV  -  phase  conjugation  device;  1 
-  radiate  diaphragm,  2  -  three-  or  five-component  objective,  3  -  beam  expanding  telescope,  4,  6  - 
lenses  of  angular  selector,  5  -  diaphragm  of  angular  selector,  7  -  kinoform  phase  plate,  8  -  radia¬ 
tion  entering  lens,  9  -  SBS  cell,  10  -  measuring  complexes  of  output  radiation,  11  -  measuring 
complex  of  input  radiation,  12  -  measuring  complex  of  pumping  radiation,  13  -  measuring  com¬ 
plex  of  Stokes  radiation,  14,  15  -  Hartmann  wavefront  analyzers  of  input  and  output  radiation. 

stages  had  diffraction  limit.  The  beam  passed  through  the  air  optical  delay  line 
by  the  length  550  m  and  entered  into  amplifying  stages.  Optical  delay  line 
serves  for  preventing  an  influence  of  powerful  pulse  returning  from  amplifying 
stages  on  working  the  MO.  Intensity  of  supporting  radiation  at  the  input  of 
amplifying  stages  reached  2  W/cm^.  Amplifying  stages  consisted  of  two  explo¬ 
sive  photodissociation  amplifiers  with  aperture  15  cm  and  total  active  length  2 
m,  distance  between  two  amplifiers  was  20  m.  Laser  mixture  of  gases  consisted 
of  25  torr  C3F7I  and  125  torr  Xe.  The  amplified  radiation  entered  into  the 
phase  conjugator.  It  includes  the  focusing  system  and  SBS  cell.  Focusing  sys¬ 
tem  is  served  for  entering  a  pumping  radiation  into  SBS  cell  and  making  the 
conditions  for  SBS  excitation. 

As  an  active  medium  for  SBS  we  used  Xe  -  SFg  gas  mixture  with  the  total 
pressure  50  axM  and  SF^  partial  pressure  in  mbcture  1,5  Atm.  SF6  greatly  raises 
laser  induced  breakdown  threshold  of  mixture,  allowing  to  work  with  intensities 
up  to  ~  10^®  W/cm^.  Experiments  were  conducted  with  SBS  cell  having  the 
light  diameter  100  mm  and  length  1,5  m. 

Wavefront  reversal  fidelity  based  on  SBS  is  significantly  defined  by  radia¬ 
tion  intensity  spatial  distribution  in  the  nonlinear  medium.  It  ensure  discrimi¬ 
nation  of  nonreversed  component  in  Stokes  radiation.  Usually  for  this  in  front 
of  SBS  cell  are  put  phase  plates.  However  even  under  the  optimum  choice  of 
phase  plate  an  energy  of  nonreversed  component  usually  turns  out  to  be  com¬ 
parable  to  the  energy  of  reversed  component  in  Stokes  radiation.  Using  angular 
selection  of  reflected  radiation  it  is  possible  at  the  expense  of  energy  losses  to 
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increase  reversed  component  in  Stokes  radiation  and,  accordingly,  to  increase 
wavefront  reversal  fidelity  at  the  whole  laser  system  output. 

In  our  experiments  wanted  radiation  intensity  spatial  distribution  in  the 
nonlinear  medium  was  formed  by  two,  four  and  eight  step-like  kinoform  rasters 
of  identical  Fresnel  lenses  with  diffraction  efficiency  40%  and  80%.  The  SBS 
pumping  radiation  has  been  split  into  '^lOOO  beams  which  were  focused  into 
SBS  cell.  Directional  diagram  of  the  light  beam,  passed  through  such  raster, 
consists  of  the  separate  maximums  due  to  diffraction  on  the  two-dimensional 
periodic  structure.  Directional  diagram  of  Stokes  beam,  reflected  from  SBS  cell 
and  passed  through  the  same  raster,  also  consists  of  the  separate  maximums. 
The  scheme  of  pump  radiation  input  into  SBS  cell  is  build  so,  that,  at  first,  an¬ 
gular  selector  for  reflected  radiation  let  a  radiation  of  only  zero  diffraction  order 
pass  and,  at  the  second,  the  image  of  raster  lens  focal  plane  is  outside  of  SBS 
cell.  Reversed  component  in  Stokes  radiation  passing  through  raster  recovers  its 
wavefront  and  gets  through  the  selector  without  the  reduction.  Nonreversed 
component  in  Stokes  radiation  suffers  a  partition  on  the  ensemble  of  beams 
diffracted  on  the  raster.  They  are  not  transmitted  by  the  angular  selector 
(except  the  zero  order).  Selection  of  reversed  component  is  realized  by  the  an¬ 
gular  selector  with  the  bandwidth  (3-4)- 10'^  rad.  To  characterize  the  selection 
degrees  of  reversed  component  in  Stokes  radiation  we  used  value  equal  to  re¬ 
duction  multiplicity  of  nonreversed  component  by  selector:  as  before  [2]: 

1  ~  i  ^(^ph^ph/^s^ampP j 

where  6s  -  a  bandwidth  of  the  angular  selector  for  pump  radiation,  0ph  -  dia¬ 
gram  width  of  scattering,  Damp  ~  diameter  of  amplifier  radiation  surface,  Dp^  - 
diameter  of  raster  exposure.  Selected  Stokes  radiation  on  the  inverse  passage 
was  amplified  in  amplifying  stages  and  got  to  the  optical  scheme  of  supporting 
radiation  forming.  In  this  case  scheme  used  as  measuring  objective  with  focal 
distance  from  900  m  up  to  4500  m  in  different  experiments.  Radiation  pa¬ 
rameters  -  energy,  divergence,  pulse  shape,  wavefront  profile,  beam  cross- 
section  in  the  near  and  far  zones  in  different  points  of  scheme  -  were  recorded 
by  measuring  complexes.  Angular  distributions  of  energy,  intensity  and  axial 
radiant  intensity  of  output  radiation  were  calculated  using  data  of  energy  calo¬ 
rimetric  and  photometric  measurements  in  far  zone  behind  calibrated  dia¬ 
phragms  in  focal  plane  of  the  measuring  objective. 

4.  Radiation  Quality  Measurements 

Wavefront  reversal  fidelity  at  the  whole  laser  system  output  and,  consequently, 
output  radiation  quality  has  been  measured  by  two  methods.  At  first,  axial  radi¬ 
ant  intensity  B  has  been  determined  as  a  result  of  direct  energy  calorimetric 
measurements  in  focal  plane  of  the  measuring  objective  and  has  been  compared 
with  axial  radiant  intensity  8^  of  similar  radiator  without  aberration  [2]. 
Thereby,  it  has  been  found  the  Strehl  number  which  is  a  quality  fea¬ 

ture  of  our  laser  radiator  [3],  At  second,  wavefronts  of  the  MO  supporting  and 
output  radiation  have  been  measured  and  compared  in  one  plane  by  the  Hart¬ 
mann  method  [4].  When  the  distortion  of  an  initial  wavefront  is  small,  laser 
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system  Strehl  number  does  not  depends  on  natures  of  these  distortion  and  dif¬ 
fers  from  units  on  value,  proportional  root-mean-square  wavefront  deviation 

[3]: 


5/  a  1  - 


Ik  •  ls}i\ ^ 


(1) 


where  (Ah)^  -  root-mean-square  wavefront  deviation.  Optical  scheme  of  ob¬ 
taining  results  by  the  Hartmann  method  consists  of  two  branches  of  registra¬ 
tions,  accordingly,  supporting  and  reversed  amplified  laser  beams.  The  Hart¬ 
mann  diaphragm  is  placed  before  measuring  lens  with  the  focal  length  8  m. 
Diaphragm  is  a  steel  screen  by  diameter  280  mm  with  7  mm  round  holes,  dis¬ 
posed  in  nodes  of  square  network.  Distance  between  nearby  holes  is  14  mm. 


5.  Results 


Conducted  experiments  have  been  directed  on  determination  of  optimum  pa¬ 
rameters  of  SBS  pumping  radiation  formed  by  input  system  to  achieve  maxi¬ 
mum  values  of  Strehl  number  and  radiance  intensity.  In  experiments  amplifier 
input  signal,  selection  degree  of  reversed  component  in  Stokes  radiation,  pa¬ 
rameters  of  kinoform  rasters  are  varied.  Supporting  signal  intensity  at  the  input 
of  high  explosive  iodine  laser  have  been  varied  in  the  range  from  0.07  W/cm^ 
to  2.6  W/cm^.  Total  duration  of  SBS  radiation  pulse  is  4-5  ps  with  spikes  dura¬ 
tion  are  0.1 -0.5  ps.  Output  radiation  energy  was  about  300  J,  pumping  energy 
in  SBS  medium  is  20-60  J,  SBS  reflectivity  is  4-40%.  Typical  far  radiation 
zones  in  experiments  are  shown  in  fig.3.  Typical  wavefront  profiles  of  support¬ 
ing  beam  and  amplified  reversed  beam  are  presented  in  fig.4.  As  a  rule  Strehl 
number  values  obtained  by  means  of  the  Hartmann  method  from  formula  (1) 
exceed  in  1.5-2  times  Strehl  numbers  obtained  by  direct  calorimetric  measure¬ 
ments.  This  disagreement  can  be  explained  by  law  spatial  resolution  of  this 
method.  It  depends  on  diffraction  blurring  of  beams  from  separated  holes  and 
assumption  of  wavefront  smoothness.  The  Hartmann  method  does  not  also  take 
into  account  the  contrasts  of  spots  in  hand  and  inhomogeneity  of  radiation  in¬ 
tensity  in  near  zone.  Nevertheless  the  Hartmann  method  allows  to  picture 
wavefront  profile  and  find  the  places  of  aberration  localization.  Fig.  4  shows 
good  agreement  between  wavefronts  of  supporting  and  amplified  Stokes  radia¬ 
tion.  It  confirms  phase  conjugation  of  laser  system  under  investigation. 

Dependencies  of  Strehl  number  and  input  radiation  intensity  (for  10  cm 
output  aperture)  on  selection  degree  of  reversed  component  in  Stokes  radiation 
(fig.  5,  6)  have  been  investigated.  It  has  been  found  that  both  radiant  intensity 
at  the  laser  system  output  and  Strehl  number  rise  with  selection  degree  increase. 
Nonreversed  Stokes  component  suppression  at  the  expense  of  entering  into 
SBS-cell  input  system  both  phase  aberrator  and  angular  selector  have  improved 
beam  quality  approximately  in  15  times  (Strehl  number  was  St«0.73)  and  in¬ 
creased  radiation  intensity  by  an  order  of  magnitude. 
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Figure  3.  Typical  radiation  in  far  field, 
a  -  pumping,  b  -  Stokes  before  selection  ,  c  -  output. 


Figure  4.  Wavefront  pictures  of  amplified  Stokes  and  master  oscillator  radiation, 
a  -  vertical  cross  section,  b  -  horizontal  cross  section. 

“B  -  master  oscillator: 


-  amplified  Stokes. 


The  dependencies  of  output  radiation  parameters  versus  input  signal  value 
has  been  investigated  in  two  sets  of  experiments,  when  selection  degree  is  77 
200  (raster  ci=0.l  cm,  /  =9.2  cm)  and  at  ~  460  (raster  d  =  0.2  cm,  /=  12 
cm).  The  experiments  of  every  set  have  been  carried  out  under  the  same  condi¬ 
tions:  with  the  same  kinoform  raster  at  the  same  selection  degree  of  reversed 
component  and  the  same  SBS  threshold  value.  Input  signal  value  varied  in  the 
range  from  0.14  W/cm^  to  2.6  W/cm^.  Experimentally  obtained  dependencies 
of  radiant  intensity  and  Strehl  number  versus  input  signal  have  been  normalized 
to  unit  and  shown  in  fig.  7,  8.  As  the  input  signal  value  does  not  influence  on 
spatial  structure  forming  in  the  SBS  cell,  radiation  quality,  characterized  by 
Strehl  number,  depends  only  weakly  on  input  signal  value.  At  the  increasing 
input  signal  in  6  times  the  Strehl  number  has  risen  only  in  1.5  times  (fig.  7). 
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Figure  5.  Laser  output  radiation  quality  versus 
the  selection  degree  of  the  reversed  component. 


Figure  6.  Radiant  intensity  of  the  laser  output 
radiation  versus  the  selection  degree  of  the 
reversed  component  (output  aperture  is  15  cm). 


Figure  7.  Laser  output  radiation  quality  versus  Figure  8.  Radiant  intensity  of  the  laser  output 

the  intensity  of  input  radiation.  radiation  versus  the  intensity  of  input  radiation. 

Radiant  intensity  dependence  is  much  stronger  (fig.  8).  It  is  connected  as 
with  the  rise  of  total  power  of  the  system  (an  increase  of  pimping  energy  and 
SBS  reflectivity)  as  with  suppression  of  stray  generation  in  amplifiers.  Radiation 
divergence  in  experiments  with  output  beam  aperture  ~60  cm  was  at  the  half 
energy  level  9o.5e  «(7-8)'10'6  rad  (fig.  6)and  at  the  half  intensity  level  Bq.sj  » 
2.5- 10"^  rad  (fig.  10)  that  practically  agree  with  diffraction  limit  for  this  laser. 
The  restoration  accuracy  of  reversed  wave  propagation  in  back  direction  was 
better  than  «M0“^  rad. 
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Bgure  P.  Angular  distribution  of  output  radia-  10.  Angular  distribution  of  output  radia¬ 

tion  energy  with  output  laser  aperture  of  60  cm.  tion  intensity  with  output  laser  aperture  of 

60  cm. 

6.  Conclusion 

Results  of  high  energy  iodine  laser  studies  with  phase  conjugation  (E=300  J) 
with  wavefront  reversal  fidelity  at  the  whole  laser  system  output  up  to  the  dif¬ 
fraction  limit  (St— 0,5-0, 7)  are  presented.  The  obtained  experimental  results 
confirms  that  the  concept  of  creation  of  the  laser  facility  with  focusing  of  ra¬ 
diation  in  extreme  small  volumes  can  be  realised. 
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Abstract 

For  xenon  at  the  density  of  0.3-lg/cm^  measurements  have  been  made  of  the 
critical  energy  of  thermd  effect  on  the  phase  conjugation  at  SBS,  the  SBS  gain 
coefficient,  and  the  phonon  lifetime.  It  has  been  shown  that  xenon  is  very  well 
suited  for  the  use  in  powerful  gas  lasers  as  an  active  SBS  medium  and  is  one  of 
the  best  media  for  other  lasers. 

Presently,  to  study  the  physical  processes  of  the  matter  behavior  in  quasi 
stationary  superhi^  intensity  fields,  the  high-power  nanosecond  range  laser 
facilities  are  created  capable  of  focusing  radiation  to  a  wavelength  size  spot  [1]. 
One  of  the  difficulties  faced  in  laser  facilities  of  this  class  is  compensation  of 
optical  elements  aberrations  and  inhomogeneities  of  an  active  medium.  To 
compensate  for  aberrations  of  the  optical  elements  in  such  laser  facilities  and 
optical  inhomogeneities  of  an  active  medium,  one  uses  phase  conjugation  (PC) 
by  stimulated  Brillouin  scattering  (SBS).  However,  conversion  of  high-power 
laser  beams  in  the  SBS  medium  can  be  accompanied  by  competing  processes 
such  as  SRS,  optical  breakdown,  striction,  and  thermal  perturbation.  The 
present  work  gives  the  results  of  measuring  the  critical  energy  of  thermal 
perturbation,  SBS  gain  growth,  and  phonon  lifetime  in  compressed  xenon  at 
densities  of  0.3-1  %/cvo?  [2,  3]. 

1.  Thermal  and  Striction  Perturbation  of  the  SBS-medium 

When  a  Gaussian  beam  is  focused,  depending  on  the  pump  conditions  a  lens  is 
formed  in  the  SBS  medium,  and  the  phase  change  in  the  pump  radiation  along 
the  focused  beam  waist  is: 
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where  X  is  the  radiation 


wavelength,  n2  = 


is  the  refractive  index 


non-linearity  coefficient  due  to  electrostriction,  p  (cmVg)  and  n  are  the 
specific  refraction  and  the  refractive  index  of  the  medium,  p  (g/cm^)  is  the 
medium  density,  c  and  u  are  the  light  and  sound  speed  in  the  medium,  Cp 
(J/g  deg)  is  the  specific  heat  capacity  at  constant  pressure,  (W)  is  the  pump 
radiation  power;  zi  is  the  pump  pulse  length;  T  is  the  temperature,  and  a  (cm” 
1)  being  the  laser  radiation  absorption  coefficient  in  the  SBS  medium. 

The  first  term  of  relation  (1)  describes  the  phase  change  connected  with 
electrostriction  appearing  as  a  result  of  self-action  of  the  pump  radiation,  which 
depends  on  the  radiation  power  (intensity)  in  the  SBS  cell.  Note  that  the  SBS 
itself  appears  due  to  electrostriction  evolution  in  the  medium.  Effect  of  this 
time-dependent  component  was  observed  for  the  first  time  in  works  [4,  5].  The 
second  term  is  responsible  for  the  phase  change  occurring  with  appearance  of 
the  thermal  component  in  the  SBS  medium,  which  is  determined  by  the  pump 
energy  absorbed  in  it.  In  this  case  a  thermal  lens  is  formed  in  the  medium, 
which  causes  defocusing  of  the  pump  beam.  At  69  >  2n  the  beam  refraction 
distortions  are  becoming  equal  to  those  caused  by  diffraction,  and  as  it  follows 
from  the  experiment,  the  SBS  efficiency  falls  down,  which  exhibits  itself  in  a 
decrease  of  the  reflection  coefficient  [5,  6,  7]  and  in  a  decrease  of  the  phase 
conjugation  fidelity  [4,  5,  6].  For  operation  of  the  SBS  mirror  without  a 
decrease  in  the  phase  conjugation  fidelity,  the  pump  radiation  phase  change 
should  be  5(p  <  2n.  Then  the  power  and  energy  of  the  laser  pulse  exciting  SBS 
should  be  less  than  some  critical  values: 


(2) 

_  ^  Cpp 

(3) 

In  dn 

_  W 

where  P^r  is  the  critical  power  determined  by  electrostriction;  is  the  thermal 
perturbation  critical  energy  [6]. 

Depending  on  the  medium  absorption  coefficient  (and  pump  conditions) 
the  phase  conjugation  fidelity  can  be  degraded  by  either  of  the  factors.  At  small 
a  electrostriction  phenomena  will  dominate,  at  large  a  the  thermal  phenomena 
will  be  dominating.  The  critical  energy  of  thermal  perturbation  is 
determined  by  the  absorption  coefficient  a  and  depends  mainly  on  purity  of  the 
applied  SBS  medium  Hov/ever,  even  for  an  absolutely  transparent  medium  (a 
—  0)  there  exists  some  limiting  value  of  the  critical  energy.  It  is  connected  with 
the  decay  of  hypersonic  grating  in  the  medium,  i.  e.,  with  the  presence  of 
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internal  friction  in  it  and  is  proportional  to  the  Stokes  frequency  shift  and 
sound  speed  in  gas.  For  the  gas  lasers  with  a  narrow  gain  line  the  Stokes  shift 
should  be  small,  and  this  requirement  is  met  by  xenon  in  the  best  way,  from  all 
monoatomic  gases  it  has  the  lowest  sound  speed. 

The  thermal  lens  formation  and  the  absorption  coefficient  in  compressed 
xenon  were  investigated  experimentally  upon  SBS  excitation  by  radiation  of  a 
single-mode  iodine  laser  (X  =  1.315  pm,  pulse  duration  of  3-100  ps).  The 
medium  was  probed  by  a  beam  of  a  He-Ne  laser  according  to  scheme  [8]  given 
in  Fig.l.  When  a  thermal  lens  is  formed  in  the  medium,  the  probe  beam 
broadens  in  the  plane  of  screen  5  and  reaches  photodetector  6.  This  signal  is 
recorded  by  the  oscillograph  together  with  a  SBS  pump  signal  of  the  iodine 
laser.  Typical  oscillograms  of  the  pump  pulse  and  the  probe  laser  signal  are 
given  in  Fig.2.  The  oscillogram  in  Fig.2a  shows  behavior  of  the  signal  from  the 
photodetector  of  the  probe  beam  in  the  presence  of  an  only  thermal  (“slow”) 
component  in  the  medium.  Fig.2b  illustrates  joint  modulation  of  the  medium 
refractive  index  by  striction  (“fast”)  and  thermal  (“slow”)  components. 


Fig.  1.  Optical  inhomogeneities  investigation  in  the  SBS  medium  (1,4)  lenses;  (2) 
mirror;  (3)  cell  with  the  SBS  medium  under  study;  (5)  screen;  (6)  photodetector. 

Experiments  show  that  the  pressure  wave  (and,  hence,  the  wave  of  the 
changing  refractive  index)  caused  by  striction  propagates  in  the  SBS  medium 
with  the  sound  speed,  reflects  off  the  walls  of  the  cell  and  again  (with  a  delay 
relative  to  the  pump  pulse)  perturbs  the  medium  in  the  probing  zone.  At  lower 
pump  powers  traveling  waves  of  inhomogeneities  are  not  excited  and  a  “slow” 
thermal  lens  with  millisecond  relaxation  times  is  formed  (Fig.2a).  Using  our 
experimental  results  and  with  account  of  our  technology  of  SBS  medium 
preparation,  there  have  been  obtained  the  following  values  of  the  absorption 
coefficient  and  critical  parameters,  for  46  atm  Xe  (density  of  0.38  g/cm^)  and  X 
=  1.315  pm:  a»5-10"^  cm"^  Per  =  3.2-10^  W,  Wer  =  5  J. 


Fig.  2.  Typical  pulse  oscillograms:  probe  radiation  (upper  beams)  and  SBS  medium 
pumping  (lower  beams).  The  smallest  time  mark  corresponds  to  4  ps. 

The  highest  laser  pulse  duration  at  which  SBS  excitation  in  a  steady-state 
mode  occurs  in  the  absence  of  thermal  perturbation  is:  ter  W(.r/P,hr  « 
S'Wer/SX  [2,  9],  where  P,|,r  «  SX/g  is  the  threshold  power  for  a  single-mode 
radiation,  g  is  the  SBS  gain  coefficient  (cm/W).  For  g  =  120  cm/GW  (see 
below  )  Ter  reaches  the  value  of  Xcr  «  MO’^  s.  In  this  case  during  a  laser  pulse 
the  striction  perturbation  does  not  affect  the  phase  conjugation  fidelity,  and 
thermal  perturbation  begins  to  degrade  it  only  in  the  end  of  the  pulse. 

2.  Investigation  of  the  SBS  Gain  Coefficient  and  Phonon  Lifetime  [3] 

Theoretical  investigations  predict  an  increase  of  the  SBS  gain  coefficient  in 
xenon  with  the  increase  of  the  gas  density  g  oc  p2  [10],  Far  from  the  critical 
point  (Ter  ~  289. 7°K,  Per  ~  57.6  atm,  Per  1-11  g/cm^)  the  experimental 
results  agree  fairly  well  with  this  dependence,  for  example,  g  =  1.4  cm/GW  at  P 
=  10  atm  (p  =  0.058  g/cm^)  [H],  g  =  44  cm/GW  at  P  =  39  atm  (p  =  0.30 
g/cm^)  [12].  However,  an  attempt  to  obtain  a  high  gain  growth  in  xenon  at  a 
pressure  of  220-240  atm  [13]  did  not  give  results  expected  by  the  authors  of  this 
work.  In  work  [14],  as  the  critical  point  of  Xe  at  p  >  0.7  g/cm^  was  approached, 
appearance  of  optical  inhomogeneities  was  registered,  which  raised  the  SBS 
threshold.  Below  we  give  results  obtained  from  SBS  investigation  in  Xe  at 
densities  from  0.3  g/cm^  to  1  g/cm^  in  a  thermostatically  controlled  cell  under 
conditions  when  the  influence  of  optical  inhomogeneities  on  the  SBS  threshold 
was  small. 

Scheme  of  experiments  of  SBS  threshold  power  (Pthr)  measurements  in  a 
steady-state  excitation  regime  is  shown  in  Fig.  3.  Single-mode  iodine  laser 
radiation  was  used  for  SBS  excitation  with  the  following  Laser  radiation 
parameters:  wavelength  7.  =  1.315  pm,  energy  E  =  10  J,  pulse  duration 
tl  «  100  ps,  radiation  divergence  eo.84E  *  10“^  rad,  laser  beam  diameter 
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photodiodes 


Fig.  3.  Experimental  setup. 


D  «  7  cm.  Parameters  of  the  pumping,  reflected  and  passed  through  the  SBS 
cell  radiation  were  registered  by  calibrated  photodiodes  with  the  time  resolution 
of  50  ns.  The  pumping  power  was  measured  in  the  far  field  of  a  positive  lens  by 
photo  diodes  with  different  apertures,  it  allowed  to  measure  the  pumping  power 
in  different  angles  :  rad  and  to  control  the  pump  radiation 

divergence. 

The  laser  radiation  was  focused  into  the  SBS  cell  with  a  length  of  25  cm  and 
diameter  of  1.5  cm  by  means  of  a  lens  with  the  focal  length  F  =  138  cm.  A 
special  attention  was  given  to  Xe  purity.  To  exclude  influence  of  impurities, 
only  metal  (indium)  linings  were  used  in  the  cell  construction,  and  it  was  filled 
through  special  filters.  The  purification  efficiency  from  aerosol  particles  with  a 
diameter  more  than  0.01  pm  was  above  99.9999  %.  The  thermostat  maintained 
the  cell  temperature  at  a  value  of  t  =  19.3  ^C,  the  temperature  drift  did  not 
exceed  0.03  per  hour.  The  Xe  pressure  in  the  cell  was  measured  with  a 
relative  error  of  7  %,  the  density  of  Xe  was  determined  by  cell  weighing.  The 
optical  quality  of  SBS  medium  was  supervised  with  the  help  of  a  He-Ne  laser 
which  parameters  were  selected  in  such  a  manner  that  its  beam  simulated  the 
pump  beam  in  the  cell.  The  intensity  distribution  in  the  focal  plane  inside  the 
cell  with  Xe  Ii((p)  was  compared  with  the  distribution  obtained  in  the  absence 
of  the  cell  12(9).  Measurements  of  the  intensity  distribution  were  carried  out  in 
the  focal  plane  with  the  help  of  diaphragm  scanning  across  the  horizontal  cross 
section.  The  He-Ne  radiation  power  passed  through  the  diaphragm  was 
registered  by  a  photodiode  and  measured  by  a  digital  voltmeter.  Comparison  of 
both  distributions  (Ii((p)  and  12(9))  allowed  us  to  estimate  quantitatively  the 
deformation  of  a  diffraction  limited  beam  during  its  passage  through  the  SBS- 
cell.  For  all  investigated  points  these  distributions  coincided  with  on  accuracy 
of  «5  %,  and  only  at  p  =  1.02  g/cm^  the  intensity  in  the  maximum  fell  down 
from  12"^^^  =  1  in  the  absence  of  the  cell  to  Ijmax  =  o.62  with  it.  This  was  taken 
into  account  in  the  Pthr  calculation. 
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Fig.  4.  Typical  pumping  pulse  shape.  Horizontal  scale  -  20  ps/div. 


Under  the  influence  of  Stokes  radiation,  as  SBS  excitation  occurred  the 
mode  of  iodine  laser  generation  changed  and  became  pulse-periodic  ’  (see 
Tig.  4).  Only  the  first  pulse  with  the  leading  front  duration  of  about  20  us 
where  steady-state  excitation  conditions  were  satisfied  and  pump  energy  did  not 
exceed  the  critical  energy  of  thermal  defocusing  was  used  to  determine  the 
F,hr.  The  value  of  pumping  power  Pl  providing  the  SBS  reflection  coefficient 
Ks  =  1%  was  taken  as  Pthp 


Pthr(R-l^)  =  PL (6  =  5-10  ^rad)- 


T^he  basic  results  of  experiments  are  shown  in  Table  1,  where  averaged  over 
several  experiments  P,hr  values  are  shown.  The  standard  deviation  obtained  in 
each  series  of  experiments  did  not  exceed  15  %.  For  the  gas  density  we  give 
experimentally  measured  values  labeled  by  an  asterisk  and  values,  calculLd 
using  Pitsers  three-parameter  correlation  by  method  of  Li-Kesler  [151  giving 
the  best  approximation  to  experiment.  ins  s 


Table  I  The  basic  results  of  experiments. 


p, 

atm 

39,8 

56 

59. 

2 

60.5 

61.3 

62 

P. 

g/cm 

3 

0.38 

0.7 

8 

1.04 

1.02* 

Ptlif' 

kW 

2/ 

1 
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From  the  obtained  data  we  have  determined  the  SBS  gain  coefficient  gi 
using  as  a  reference  value  go  =  44  cm/GW  for  the  Xe  density  of  0.3  g/cm^ 
given  in  work  [12]: 


po 

-^thr 

Si  “  pi  So: 

^thr 


where  ^re  the  corresponding  threshold  powers. 

These  results  are  shown  in  Fig.  5.  The  results  of  calculation  of  g  for 
p  <  0.5  g/cm^  using  the  available  thermodynamic  parameters  for  Xe  [16]  are 
also  shown  in  Fig.  5.  We  can  see  that  beginning  with  p  =  0.6  g/cm^  the  value 


g,  cm/GW 


Fig.  5,  SBS  gain  coefficient  versus  Xe  density. 
D  -  experiment,  —  theory. 


of  g  does  not  increase,  which  in  our  experiments  could  be  only  due  to  a 
decrease  in  the  phonon  lifetime.  The  phonon  lifetime  Xph  has  been  determined 
using  gi  values  in  accordance  with  the  equality  : 


'^Ph  =g 


i6n^np{^y 

dp 


-1 


V  J 

where  n  is  the  refractive  index,  c  is  the  light  velocity,  v  -  is  the  hypersound 
velocity. 

The  results  of  calculation  of  are  shown  in  Fig.  6.  The  value  of 
Tph  =  21.2  ns,  calculated  with  the  use  of  data  of  hypersound  absorption  at 
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p  -  1.11  g/cm^  and  t  ==  19.4  [17],  is  shown  in  Fig.  6  as  well.  A  good 

agreement  is  observed  between  our  results  and  those  obtained  in  work  [17]. 


Fig.  6.  Phonon  lifetime  versus  Xe  density. 
□  -  experiment,  —  fitting  curve, 

•  -  calculated  from  data  of  work  [17J 


The  criterion  for  SBS  medium  selection  which  is  more  resistant  to  the 
evolution  of  undesired  thermal  perturbation  is  that  the  critical  energy  Wcr 
should  exceed  the  threshold  energy  ^  Pthr-r  ,  which  is  proportional  to 
The  more  is  the  value  of  g‘JVc/A,  the  more  resistant  is  the  SBS  medium 
to  formation  of  a  thermal  lens  and  the  longer  laser  pulses  it  can  convert.  Fig.  7 
shows  experimental  dependence  of  g-  for  xenon  in  relative  units.  Under 
our  conditions  this  value  is  the  highest  in  the  density  range  of  0.5-0. 8  g/cm^. 


Fig.  7.  g‘  IVc^Ji  versus  xenon  density 
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According  to  the  suggested  criterion  high-purity  xenon  is  best  suited  as 
an  active  SBS  medium  in  high-power  gas  lasers  and  is  one  of  the  best  media  for 
other  lasers.  (See  Table  2). 


Table  2 


Medium 

Nd- 

glass 

rjic- 

1 

aceto¬ 

ne 

SFfi 

22  at 

CCI4 

SiCU 

TiCl, 

SnCL* 

Xe  gas 

0.6  g/cm^ 
(X=1.06  pm) 

■JiJi'iIMM 

1.2 

15.8 

35 

4 

10 

20 

14 

120 

Wcr.J 

20 

510-^ 

11 

33 

28 

57 

4.7 

gW,,A, 

ms 

0.22 

7.410-5 

0.41 

3.1 

5.3 

7.5 

5.3 

References 

wnsu 

WBSM 

■fEH 

■n 

Km 

■EM 

■EM 

our  data 

Xenon,  being  a  monoatomic  gas,  is  not  subjected  to  the  evolution  of 
competing  SRS  in  it,  and  from  the  technological  point  of  view  is  chemically 
inert,  stable,  and  ecologically  safe. 
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Abstract 

Characterization  of  flattened  Gaussian  beams  with  rectangular  symmetry  is  extended 
by  the  analysis  of  two  features  which  are  generally  considered  important:  i)  on-axis 
intensity  and  ii)  far-field  amplitude.  Their  overall  behaviour  tends  to  that  of  functions 
corresponding  to  the  case  of  a  plane  wave  diffracted  by  a  linear  slit.  These  features, 
along  with  others  already  explored  characteristics  of  flattened  Gaussian  beams  with 
rectangular  symmetry,  such  as  beam  propagation  factor  and  kurtosis  shape-parameter, 
should  be  useful  for  applications  involving  flat-topped  laser  beams. 


1.  Introduction 

For  several  laser  application,  such  as  material  processing  and  non-linear  optical 
conversion,  a  beam  whose  cross-section  has  an  intensity  profile  as  uniform  as  possible 
or  flat-topped  is  often  desirable.  Example  of  such  kind  of  beams  are  highly  multimode 
laser  beams  [1,2],  generated  by  stable  optical  resonators,  super-Gaussian  beams, 
generated  by  resonators  with  graded-reflectivity  mirrors  [3]  or  with  graded-phase 
mirrors  [41,  laser  beams  generated  by  resonators  with  diffractive  mirrors  [5]  and  laser 
beams  generated  by  Fourier  transform  resonators  [6].  These  flat-topped  beams  are 
axially  or  rectangulary  symmetric.  When  the  propagation  of  the  beams  generated  by 
stable  resonators  can  be  handled  analytically,  the  propagation  of  the  super-Gaussian 
beams  can  be  treated  only  by  rather  complicated  numerical  methods  [7].  A  convenient 
way  to  overcome  this  problem  is  to  approximate  the  super-Gaussian  beams  [8,9]  by  a 
new  class  of  axially  symmetric  coherent  beams,  the  so-called  flattened  Gaussian 
beams  [10,11]. 

As  suggested  by  Gori  [10],  we  introduced  flattened  Gaussian  beams  without 
axial  symmetry,  e.g.  with  a  waist  cross  section  resembling  a  rectangle  [12],  by  using  a 
suitable  superposition  of  Gauss-Hermite  modes.  For  this  new  class  of  beams  we 
already  inferred  the  free-space  propagation  formula.  We  also  evaluated  the  beam 
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propagation  factor  and  the  kurtosis  parameter  as  functions  of  the  beam  order,  M  by 
using  the  mode  coefficients  of  the  representation.  According  to  the  evolution  of  the 
kurtosis  parameter  in  the  free  space,  we  classified  the  flattened  Gaussian  beams  with 
rectangular  symmetry  in  two  types  as  A  is  greater  or  less  than  3. 

In  this  paper  we  will  outline  shortly  the  already  mentioned  beam  propagation 
features.  We  will  explore  two  other  beam  propagation  features  which  have  been 
considered  important.  These  are  the  intensity  on  the  optical  axis  as  a  function  of  the 
propagation  distance  and  the  far  field  amplitude. 


2.  Representation  and  propagation  of  flattened  Gaussian  beams  in  transverse 
Cartesian  coordinates 


To  introduce  the  flattened  Gaussian  beams  (FGBs)  [lO],  a  superposition  of  N  suitably 
weighted  Laguerre-Gauss  beams  was  carried  out,  N  representing  the  beam  order. 
Many  of  the  already  existing  results  concerning  beam  characterization,  are  obtained 
by  using  Cartesian  coordinates  rather  than  cylindrical  coordinates;  moreover  there  are 
beams  rather  rectangulary  symmetric.  Therefore,  we  will  trace  back  FGBs  to  Hermite- 
Gauss  beams  following  the  lines  of  [10].  For  the  sake  of  simplicity,  we  restrict 
ourselves  to  the  bidimensional  case  {x,  z).  Then  by  the  multiplication  of  two 
distributions,  flattened  independently  along  x  and  y  we  could  obtain  a  tridimensional 
FGB  whose  cross  section  is  in  the  form  of  a  rectangle. 

We  begin  by  writing  the  field  distribution,  Vj^(x,z)^  at  z=0  in  the  form 


U (jr,0)  =  /t-exp 


w 


2-k 


(x/Wf^y 


0  J  k=0 


k\ 


,  (1) 


where  the  spot-size,  Wq,  facilitates  comparison  with  the  formulas  of  ordinary  gaussian 
beams  and  A  is  a  constant. 

We  then  express  starting  from  a  decomposition  relation  in  Hermite- 


Gauss  functions  [13],  by 


^2.k  I  1 


(2) 


One  can  see  that  only  even  Hermite  polynomials,  //2,^,  are  involved  in  the  combination 


(^,0)  =  /f -exp 


/  2  ^  N 

X 
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Figure  J :  Transverse  intensity  profiles  of  FGBs  with  different  beam  orders  versus  x. 


Figure  2:  Transverse  intensity  profiles  of  rescaled  FGBs  with  different  beam  orders  versus  ;c. 
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The  flattened  Gaussian  beams  can  be  rescaled  [10,11]  or  normalized  [12] 
The  rescaled  FGBs  are  obtained  by  dividing  in  Eq.  (1)  the  spot-size  ,  Wq,  by  yiN  +  l 


fy^,(jr)  =  >l-exp - - - 


0  k=(>\  "0 


t - 

N  +  \^x]  1 


So  that,  for  the  relations  corresponding  to  rescaled  FGBs,  we  can  use  the  relations 
already  inferred,  replacing  the  spot-size  ,  by  w^O), 

-T^=’^A,(0).  (10) 


Their  field  distribution  is  presented  in  Fig.  2. 


The  normalized  FGBs  can  be  constructed  by  normalizing  the  mode 
coefficients,  so  that  the  total  power  Z|c„p=l,  obtaining  for  the  constant  A  the 
expression 


X 


Figure  3:  Transverse  intensity  profiles  of  nomialized  FGBs  with  different  beam  orders  versus  x. 


The  graphs  of  field  distribution  corresponding  to  these  normalized  FGBs  are  presented 
in  Fig.  3. 
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On-axis  intensity  as  a  function  of  the  propagation  distance  is  presented  in  the  graphics 
from  Fig.  4. 


Jf =0. 1.  4, 16.  36 


Figure  4\  On-axis  intensity,  /(z),  as  a  function  of  the  propagation  distance  z. 


When  N  increases,  the  number  of  maxima  and  minima  increases  too,  and  the  curves 
tend  to  the  function  (see  Ref.  [12]  p.  725) 


f/(0.z)»l+) 


"I 


It^N 


exp(-/VifV), 


(16) 


corresponding  to  the  on-axis  intensity  for  the  case  of  a  slit  aperture,  which  has  been 
represented  with  dotted  line.  We  suppose  that  the  override  of  this  curve  when  z  is 
between  1  and  4,  for  large  values  of  N,  can  be  explained  by  the  approximate  form  of 
f/(0,z).  This  point  could  be  further  clarified  when  the  formula  of  the  on-axis  intensity 
will  be  obtained  in  a  closed  form. 


4.  Far-field  amplitude  and  beam  propagation  factor 

The  Fourier  transform  of  the  rescaled  FGBs,  namely 


OO 

C^ArW=  j  (x)  •  exp[+/2  ;csx]  •  dx , 

-OO 


(17) 


where 


C/, 


(•y)  =  -exp^-co:^  +ilnsx^'dx. 


k=0  _oo 


A^  +  1 


a  = 


w 


2  ' 


By  using  the  relation  [16] 


2n+d 


^  b  ^ 

V  2^Ja  j 


Rea>0,  5 
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K=  0. 1.  4. 16.  36 
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we  obtain  a  relation  of  the  far-field  amplitude 


U^(s)  =  A- 


(20) 


The  far-field  amplitude  graphics  is  presented  in  Fig.  5.  The  limiting  case  (rect 
function),  when  N  increases,  is  far-field  amplitude  for  the  case  of  a  slit  aperture  (see 
Ref  [14]  p.  720) 

f/(s)«(4/W)''^-sinc(2;ws)  (21) 

Again,  we  suppose  that  the  override  of  this  curve,  when  w^s  is  around  0,  for  large 
values  of  N,  can  be  explained  by  the  approximate  form  of  [/(s).  This  point  could  be 
further  clarified  when  the  formula  of  the  far-field  amplitude  will  be  obtained  in  a 
closed  form. 


The  beam  propagation  factor,  can  be  evaluated  [12]  for  every  beam  order 
N  by  using  the  relation 


Figure  6:  Beam  propagation  factor versus  beam  order//. 
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The  results  appear  in  Fig.  6.  As  expected,  for  N=0  we  encounter  a  pure  gaussian  beam 
for  which  equals  1,  the  minimum  value  for  this  parameter. 


5.  Conclusions 

Characterization  of  FGBs  with  rectangular  symmetry  is  extended  by  the  analysis  of 
two  features  which  are  generally  considered  important:  i)  on-axis  intensity  and  ii)  far- 
field  amplitude.  Their  overall  behaviour  tends  to  that  of  functions  corresponding  to  the 
case  of  a  plane  wave  diffracted  by  a  linear  slit.  These  features,  along  with  others 
already  explored  characteristics  of  FGBs  with  rectangular  symmetry,  such  as  beam 
propagation  factor  and  kurtosis  shape-parameter,  should  be  useful  for  applications 
involving  flat-topped  laser  beams. 
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Abstract. 

A  nearly  diffraction  limited  output  beam  was  obtained  from  a  hard  edge 
confocal  positive  branch  unstable  resonator.  Improvement  of  the  far  field 
energy  profile  can  be  obtained  by  using  partial  reflecting  hard  edge  out- 
coupling  mirrors.  Further  improvement  can  be  obtained  by  using  gaussian 
mirrors. 


1.  Introduction 

For  the  application  field  of  our  1  kHz,  1  kW  long  pulse  XeCl  excimer  laser 
developed  by  the  Nederlands  Centrum  voor  Laser  Research  (NCLR)  [1],  the 
divergence  of  the  optical  beam  is  of  utmost  importance.  The  active  medium 
of  this  laser  has  large  discharge  dimensions  relative  to  the  size  of  the  funda¬ 
mental  gaussian  mode  of  a  stable  plano-concave  resonator.  The  beam  from 
such  a  resonator  is  therefore  multimode  with  a  relatively  poor  divergence. 
With  our  system  a  1.5  m  long  stable  resonator  consisting  of  a  concave,  back 
mirror  with  a  radius  of  curvature  of  10  m  and  a  flat  partial  reflector  (50  % 
reflectivity)  as  outcoupling  mirror  resulted  in  a  homogeneous,  nearly  square 
beam  of  23  mm  x  22  mm  having  a  pulse  energy  of  approximately  500^  mJ 
and  a  divergence  of  7  mrad  (full  angle).  However  a  diffraction  limitedibeam 
of  this  size  would  have  a  divergence  of  about  30  /xrad.  To  decrease  the  diver¬ 
gence  the  number  of  oscillating  modes  should  be  decreased  to,  preferably, 
one  fundamental  mode  with  dimensions  that  fill  the  available  gain  volume. 
This  can  be  done  with  an  unstable  resonator.  For  our  system,  having  a  low 
gain  (2  -  6  %  cm“^)  compared  to  the  commercially  available  short'  pulse 
XeCl  lasers  and  a  long  gain  duration  (approximately  250  ns),,  a  positive 
branch  confocal  unstable  resonator  is  found  to  be  the  best  choice  (compare 
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Figure  1.  Typical  waveforms  of  the  discharge  voltage,  discharge  current,  x-ray  preioni¬ 
sation  pulse  and  optical  output  pulse 


refs.  [2,  3,  4]),  with  outcoupling  through  the  convex  mirror  to  get  a  col¬ 
limated  beam.  In  this  paper  we  present  a  detailed  experimental  study  of 
unstable  resonators  for  a  low  gain,  long  pulse  XeCl  excimer  laser. 

2.  Experimental  configuration 

The  experiments  have  been  performed  with  a  XeCl  laser  system  having  a 
2.5  cm  X  2  cm  x  60  cm  (electrode  distance  x  width  x  length)  x-ray  preionised 
high  pressure  discharge[5].  The  gas  mixture  during  the  experiments  con¬ 
sisted  of  approximately  1  mbar  HCl,  10  mbar  Xe  and  Ne  as  a  buffer  gas 
up  to  a  pressure  of  5  bar.  The  discharge  was  excited  by  a  spiker-sustainer 
circuit.  The  laser  operates  in  resonant  overshoot  mode[6].  Figure  1  shows 
typical  waveforms  for  the  x-ray  preionisation  pulse,  discharge  voltage  and 
discharge  current.  The  efficiency  is  maximal  if  the  system  operates  under 
matched  discharge  conditions,  i.e.  if  the  voltage  on  the  pulse  forming  net¬ 
work  (PFN)  equals  twice  the  steady  state  voltage  of  the  discharge.  The 
output  can  be  increased  by  increasing  the  PFN  voltage  but  then  the  ef¬ 
ficiency  drops.  If  the  PFN  voltage  is  set  too  high  the  discharge  becomes 
unstable  and  ends  prematurely  in  streamers  and  arcs.  To  prevent  electrode 
wear  the  system  is  operated  under  almost  matched  discharge  conditions. 
The  results  presented  in  this  paper  are  obtained  under  these  conditions, 
unless  stated  otherwise. 

The  near  and  far  field  profiles  are  measured  using  a  gated  image  intensi¬ 
fied  CCD  camera.  For  the  near  field  measurement  the  beam  is  transported 
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Figure  2.  Output  energy  as  a  function  of  the  geonaetrical  feedback  for  different  charging 
voltages  of  the  sustainer 


away  from  the  laser  with  a  relay  imaging  system  consisting  of  two  50  cm 
focal  length  lenses  placed  1  m  apart.  The  focal  plane  of  the  first  lens  is  just 
behind  the  outcoupling  mirror  to  ensure  that  we  have  an  exact  image  of  the 
outcoupled  field  at  the  scintillator  which  is  placed  in  de  focal  plane  of  the 
second  lens.  As  a  scintillator  we  use  a  thin  film  of  a  solution  of  sodium  sali¬ 
cylate  in  water  between  two  suprasil  windows.  To  ensure  that  the  response 
of  the  scintillator  remains  linear  the  beam  is  attenuated  to  about  1  %  of  its 
energy.  The  CCD  camera  we  used  showed  some  nonlinear  response  which 
was  found  to  be  related  to  the  CCD  and  not  to  the  image  intensifier.  Hence 
a  correction  can  be  made  for  this  nonlinear  respons. 

The  focus  field  pattern  is  measured  by  focussing  the  attenuated  beam 
(attenuation  to  about  0.05  %)  on  the  scintillator  using  a  concave  mirror 
with  a  radius  of  curvature  of  10  m.  To  obtain  the  image  the  CCD  camera 
has  been  equipped  with  a  microscope  objective. 

3.  Stable  resonators 

The  simplest  type  of  resonator  is  the  stable  resonator.  Good  energy  extrac¬ 
tion  from  the  gain  medium  is  can  easily  be  obtained  if  proper  feedback  is 
used.  Figure  2  shows  the  output  from  a  plane-plane  resonator  as  a  func¬ 
tion  of  the  feedback  of  the  resonator.  For  a  stable  resonator  this  feedback 
is  solely  determined  by  the  product  of  the  refiectances  of  the  mirrors 


7  =  R1R2 


(1) 
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Figure  3.  Divergence  of  the  output  beam  from  a  stable  resonator  as  a  function  of  the 
radius  of  curvature  of  the  rear  mirror 


Figure  2  shows  that  for  a  sustainer  voltage  higher  than  10  kV  the  output  is 
more  or  less  constant  for  a  feedback  between  20  and  70  %.  If  the  feedback 
is  far  below  20  %  the  outcoupling  losses  are  larger  than  the  gain,  hence  no 
output  beam  can  be  formed. 

In  our  system  where  the  discharge  dimensions  are  much  larger  than 
the  fundamental  gaussian  mode  the  output  beam  is  multimode.  This  re¬ 
sults  for  stable  resonators,  especially  for  stable  plano-concave  resonators 
in  an  output  beam  that  is  very  homogeneous  in  the  near  field.  Prom  our 
2.5  cm  X  2.0  cm  discharge  (height  x  width)  we  obtained  homogeneous  nearly 
square  beams  with  a  size  of  about  23  mm  x  22  mm. 

The  problem  with  these  stable  resonators  is  their  divergence.  As  the 
output  beam  is  multimode  the  divergence  is  rather  high  in  comparison 
with  the  difiFraction  limit.  Figure  3  shows  the  divergence  of  different  stable 
plano-concave  resonators  as  a  function  of  the  radius  of  curvature  of  the  rear 
mirror.  In  approximation  the  divergence  is  given  by  [7] 


e 


D 

^fLR 


(2) 


where  D  is  the  dimension  of  one  side  of  the  beam  aperture,  L  is  the  length 
of  the  cavity  and  jR  the  radius  of  curvature  of  the  concave  rear  mirror. 
It  is  seen  in  figure  3  that  the  experiments  are  in  good  agreement  with 
the  theory  except  for  the  plane-plane  resonator  but  for  this  resonator  the 
approximation  is  not  longer  valid. 
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Figure  4.  Near  field  profile  (left)  and  focus  profile  (right)  of  the  beam  from  a  hard  edge 
unstable  resonator  (M  =  2.4)  with  a  central  HR  spot  of  8  mm  diameter  focussed  by  a 
10  m  radius  concave  mirror 

4.  Hard  edge  unstable  resonators 

To  increase  the  size  of  the  fundamental  mode  of  the  resonator  one  has  to 
use  an  unstable  resonator.  An  unstable  resonator  reaches  this  fundamental 
mode  earlier  if  the  magnification  of  the  resonator  is  larger  [8].  So  the  mag¬ 
nification  ought  to  be  chosen  as  large  as  possible  within  the  constraints  of 
the  gain  medium.  In  our  system  we  found  with  the  stable  resonators  a  mini¬ 
mum  feedback  of  20  %.  This  minimum  value  of  about  20  %  for  the  feedback 
determines  the  choice  of  the  magnification  of  the  unstable  resonator  which 
is  given  by 

M  =  (3) 

where  Ri  is  the  radius  of  curvature  of  the  outcoupling  convex  mirror  and 
R2  is  the  radius  of  curvature  of  the  concave  rear  mirror.  The  feedback  of 
an  unstable  resonator  is  given  by 


Thus  we  used  an  unstable  resonator  with  a  magnification  of  2.4  to  have 
enough  feedback  (18  %). 

Hard  edge  unstable  resonators  are  unstable  resonators  where  the  out- 
coupling  mirror  shows  a  step  in  the  refiectance  profile.  This  results  in  a  step 
in  the  near  field  intensity  distribution  of  the  outcoupled  beam.  For  symme¬ 
try  reasons  we  used  a  centered  refiecting  spot  on  the  outcoupling  mirror,  so 
that  the  outcoupled  beam  shows  a  cylindrical  symmetry  as  shown  in  figure 
4.  Figure  4  shows  also  a  typical  hard  edge  unstable  resonatot  focus  profile: 
not  only  a  central  peak  but  also  a  ring  structure. 
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Figure  5,  Comparison  between  far  field  energy  distributions  from  theory  and  experiment 


4.1.  HIGH  REFLECTIVITY  HARD  EDGE  UNSTABLE  RESONATORS 

The  beam  profiles  in  figure  4  are  obtained  with  a  hard  edge  unstable  res¬ 
onator  with  a  magnification  M  of  2.4  and  a  central  high  refiectivity  (HR) 
spot  of  8  mm  diameter.  To  determine  the  beam  quality  of  this  beam  we 
calculated  the  Times  Diffraction  Limited  (TDL)  parameter  [9].  This  TDL 
parameter  is  based  on  the  comparison  of  the  measured  focus  energy  dis¬ 
tribution  and  a  calculated  focus  energy  distribution.  This  calculated  focus 
energy  distribution  is  derived  from  the  measured  near  field  energy  distri¬ 
bution  using  a  uniform  phase  distribution.  Figure  5  shows  these  two  far 
field  energy  distributions  for  the  above  mentioned  resonator. 

The  TDL-parameter  can  now  be  determined  using 


where  Omeas  and  Ocdic  are  the  measured  and  calculated  beam  divergence 
respectively,  and  kmeas  and  kcaic  the  respective  energy  content  within  that 
divergence  angle.  So  the  TDL  parameter  does  not  only  compare  focus  sizes, 
but  also  contains  the  energy  content.  A  beam  with  a  value  1  for  the  TDL 
parameter  is  a  beam  that  is  diffraction  limited,  not  only  with  respect  to 
size  but  also  with  respect  to  energy. 

The  full  divergence  angle  based  on  the  first  minimum  is  32  ^rad  for 
the  measured  beam  and  30  /^rad  for  the  calculated  beam.  The  measured 
beam  has  approximately  60  %  of  the  energy  within  the  central  peak  and 
the  calculate  beam  82  %  of  the  energy.  This  results  in  a  TDL-parameter 
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TABLE  1.  Characteristics  of  and  experimental  results  obtained  with 
the  laser  equipped  with  different  hard  edge  unstable  resonator  config¬ 
urations  and  operated  under  matched  discharge  conditions 


M 

R[%\ 

Dt  [mm] 

7[%] 

0d  [firad] 

E  [mJ] 

r  [ns] 

k[%] 

2.4 

100 

8 

17.7 

32 

339 

160 

60 

2.4 

72 

8 

12.5 

37 

334 

146 

70 

2.4 

45 

8 

7.8 

31 

305 

146 

50 

2.0 

72 

10 

17.5 

36 

362 

149 

70 

1.6 

45 

12 

17.5 

34 

359 

160 

30 

of  1.3  for  our  beam.  Thus  we  reached  almost  the  optimal  result  that  can 
be  obtained  with  this  resonator.  However,  about  40  %  of  the  energy  is  lost 
in  side  lobes.  This  loss  of  energy  in  side  lobe(s)  can  be  decreased  by  using 
partially  reflecting  hard  edge  outcoupling  mirrors. 

4.2.  PARTIAL  REFLECTIVITY  HARD  EDGE  UNSTABLE  RESONATORS 

Table  1  shows  the  characteristics  of  different  hard  edge  unstable  res¬ 
onators  used  in  the  experiments.  R  in  table  1  is  the  reflectivity  of  the 
reflecting  area  and  Dr  its  diameter.  The  geometrical  feedback  7  = 
which  gives  only  an  indication  of  the  actual  feedback,  is  determined  by  the 
magnification  M  and  the  reflectivity  of  the  central  area  R  and  is  indepen¬ 
dent  of  the  size  of  the  reflecting  area.  Od  is  the  full  divergence  angle  based 
on  the  first  minimum  in  the  focus  energy  distribution,  E  the  output  en¬ 
ergy  under  matched  discharge  conditions,  r  the  pulse  duration  and  k  the 
percentage  of  energy  within  the  central  peak. 

Figure  6  shows  the  focus  energy  distributions  for  the  three  resonators 
with  the  same  magnification  M  =  2.4,  mentioned  in  table  1.  These  res¬ 
onators  are  identical  except  for  the  reflectivity  of  the  outcoupler.  It  is  seen 
that  the  72  %  spot  reflectivity  leads  to  an  improved  focus  profile.  Less 
energy  (about  30  %)  is  lost  in  the  side  lobe.  Further  reduction  to  a  spot 
reflectivity  of  45  %  results  in  a  focus  that  has  a  huge  side  lobe.  50  %  of  the 
energy  is  lost  in  this  side  lobe.  This  is  probably  caused  by  the  outcoupler: 
due  to  the  coating  used  to  obtain  the  reflectivity  profile  a  phase  difference 
between  the  central  part  of  the  beam  and  the  beam  edge  will  exist.  This 
phase  difference  results  in  more  side  lobe  energy.  Interferometric  measure¬ 
ments  show  that  the  70  %  mirror  has  a  phase  difference  of  only  0.37r  and 
the  45  %  mirror  a  phase  difference  of  tt. 

Reduction  of  the  reflectivity  of  the  outcoupler  results  in  a  lower  output 
energy  as  can  be  found  in  table  1.  This  is  due  to  the  lower  feedback  of  the 
resonator,  so  that  the  output  beam  needs  a  longer  build-up  time,  resulting 
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Figure  6.  Focus  energy  distributions  from  resonators  with  different  central  reflectivities 
(100,  72  and  45  %).  The  magnification  M  =  2.4  for  all  resonators 


in  a  shorter  pulse.  To  keep  the  geometrical  feedback  similar  for  different 
central  reflectivity  values  the  resonator  magnification  has  to  be  decreased 
for  decreasing  mirror  reflectance.  Experiments  have  been  performed  using 
resonators  having  equal  feedback  (see  table  1).  To  ensure'  a  proper  filling 
of  the  discharge  volume  the  size  of  the  reflecting  spot  on  the  outcoupling 
mirror  was  also  increased.  This  however  has  a  negative  effect  on  the  di¬ 
vergence  as  the  focus  from  a  resonator  with  a  larger  mirror  size  is  also 
somewhat  larger.  The  obtained  results  were  similar  to  those  obtained  with 
the  resonators  having  equal  magnification  mentioned  above.  The  72  %  re¬ 
flectivity  mirror  shows  an  improvement  and  the  45  %  mirror  a  decrease  of 
beam  quality.  The  output  energy  is  even  somewhat  higher  for  these  two 
resonators. 

4.3.  PHASE  UNIFYING  OUTCOUPLING  MIRROR 

The  transmission  phase  difference  of  the  45  %  mirror  in  the  hard  edge  res¬ 
onator  experiments  was  nearly  tt.  This  phase  difference  can  be  decreased 
by  using  a  special  coating  design:  the  phase  unifying  mirror  [10, 11].  Exper¬ 
iments  with  such  a  mirror  were  performed  with  a  resonator  with  magnifica¬ 
tion  1.6.  Based  on  the  coating  a  phase  difference  of  only  O.IGtt  is  expected. 
Interferometric  measurements  on  this  phase  unifying  mirror  show  only  a 
very  small  phase  shift  which  was  hardly  measurable.  The  results  obtained 
with  this  mirror  were  much  better  than  those  obtained  with  the  normal 
45  %  mirror.  Figure  7  shows  the  focus  spots  of  the  standard  mirror  res- 
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Figure  7.  Focus  spots  from  a  hard  edge  resonator  with  a  magnification  of  1.6  and  a 
central  reflectance  of  45  %  fitted  with  a  standard  mirror  (left)  and  fitted  with  a  phase 
unifying  mirror  (right) 


TABLE  2.  Characteristics  of  and  experimental  results  obtained  with  the 
laser  equipped  with  different  gaussian  unstable  resonator  configurations 
and  operated  under  matched  discharge  conditions 


M 

Rc  [%] 

Dr  [mm] 

7[%1 

Od  [firad] 

E  [mJ] 

T  [ns] 

*[%] 

2.4 

65 

8 

11.3 

25 

412 

144 

43 

2.4 

45 

8 

7.8 

28 

252 

120 

53 

2.4 

17 

8 

3.0 

27 

212 

115 

55 

2.0 

65 

10 

16.3 

27 

440 

137 

51 

2.0 

45 

10 

11.3 

37 

342 

129 

64 

2.0 

25 

10 

6.3 

35 

167 

100 

64 

1.6 

45 

12 

17.6 

50 

--^200 

~130 

- 

onator  and  the  phase  unifying  resonator.  The  improvement  is  clear.  The 
diffraction  angle  is  comparable  to  the  diffraction  angle  mentioned  in  table 
1  for  the  M  —  1.6  resonator  with  45  %  central  reflectivity:  34  ^rad,  however 
approximately  80  %  of  the  399  mJ  output  energy  is  found  in  the  central 
peak,  instead  of  less  than  30  %  for  the  standard  mirror. 


5.  Gaussian  unstable  resonators 

A  hard  edge  outcoupler  will  always  result  in  a  side  lobe  because  of  the 
diffraction  at  the  hard  edge.  A  focus  spot  without  side  lobes  requires  a  soft 
edge  outcoupling  mirror.  We  used  nearly  gaussian  mirrors  because  they 
can  be  analysed  mathematically  too.  In  table  2  the  characteristics  of  the 
used  gaussian  resonators  are  given.  M  is  the  resonator  magnification,  Rc  the 
central  reflectivity  of  the  gaussian  reflection  profile,  Dr  is  the  1/e^  diameter 
of  this  profile  and  7  the  feedback,  which  is  given  by  Rc/W^.  6d  is  the  full 
divergence  angle  based  on  the  1/e^  width  of  the  focus  proflle.  E,  r  and 
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Figure  8.  The  near  field  spots  of  two  gaussian  resonators.  Left:  M  =  2.4  and  Rc  =  65  %. 
Right:  M  —  2.0  and  Rc  =  25  % 


k  are  the  pulse  energy,  pulse  duration  and  energy  content  within  the  full 
divergence  angle  respectively. 

We  used  the  same  magnifications  as  we  used  for  the  hard  edge  unstable 
resonator.  This  choice  was  based  on  the  good  results  we  obtained  with  those 
resonators.  We  used  different  reflectivities  to  be  able  to  see  the  influence 
on  the  beam.  The  high  central  reflectivity  results  in  a  beam  with  a  smooth 
edged  central  hole  in  the  near  field  as  can  be  seen  in  figure  8.  The  energy 
from  this  resonator  is  quite  high  (412  mJ  under  almost  matched  discharge 
conditions)  due  to  good  filling  of  the  discharge  volume.  Figure  8  also  shows 
the  near  field  of  a  low  central  reflectivity  resonator.  It  was  designed  to  have 
a  maximally  flat  near  field.  The  condition  for  this  is  [7] 


RcM^  =  1  (6) 

The  energy  from  this  resonator  is  rather  low  (167  mJ)  because  the  discharge 
volume  is  not  properly  filled  and  the  optical  pulse  is  shorter  (100  ns)  due 
to  the  low  feedback.  The  beam  is  flat  topped  as  expected. 

It  can  be  seen  from  figure  9  that  the  central  hole  in  the  near  field  of 
the  M  =  2.4  and  i?c  =  65  %  still  leads  to  a  small  side  lobe.  Calculations 
show  that  this  is  in  accordance  with  theory.  Even  from  the  maximally  flat 
resonator  (M  =  2.0  and  Rc  =  25  %)  still  a  very  small  side  lobe  is  expected 
from  theory.  The  experiments  show  a  slightly  wider  focus  with  a  low  but 
wide  shoulder  as  shown  in  figure  9.  This  shoulder  results  in  a  lower  energy 
content  within  the  1/e^  diameter  {9d)-  In  table  2  the  energy  content  within 
the  divergence  angle  is  given  for  the  gaussian  resonators.  For  the  M  —  2.0 
and  Rc  =  2h%  resonator  an  energy  content  of  84  %  is  expected  from  theory 
and  the  experiments  resulted  in  64  %.  The  calculated  divergence  angle  is 
21  /xrad  and  the  experimental  value  is  35  /xrad,  thus  resulting  in  a  value  for 
the  TDL  parameter  of  1.8. 
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Figure  9.  Measured  and  calculated  focus  energy  distributions  for  two  gaussian  res¬ 
onators.  Left:  M  =  2.4  and  Rc  =  65  %.  Right:  M  =  2,0  and  Rc  =  25  % 


Figure  10.  Output  energy  as  a  function  of  the  sustainer  voltage  for  different  resonators 


6.  Performance  comparison 

In  the  previous  sections  we  only  looked  at  the  divergence  and  the  beam  pro¬ 
files.  In  this  section  a  comparison  will  be  made  between  the  resonators  with 
respect  to  output  energy,  pulse  duration,  average  power  and  brightness. 

Figure  10  shows  the  output  energy  of  different  resonators  as  a  function  of 
the  sustainer  voltage.  It  is  seen  that  except  for  the  highest  sustainer  voltage 
the  highest  output  can  be  obtained  with  a  stable  resonator.  The  hard  edge 
resonator  shows  an  output  energy  reduction  of  about  20  %  compared  to 
the  stable  resonator.  With  the  high  central  reflectivity  gauss  resonator  it  is 
possible  to  extract  a  similar  amount  of  energy  from  the  gain  medium  as  with 
the  stable  resonator,  especially  for  higher  sustainer  voltages.  However,  the 
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Figure  11.  Pulse  duration  (FWHM)  as  a  function  of  the  sustainer  voltage  for  different 
resonators 


Figure  12.  Average  pulse  power  as  a  function  of  the  sustainer  voltage  for  different 
resonators 


pulse  duration  is  much  shorter  for  the  gaussian  resonators  as  can  be  seen 
from  figure  11.  This  pulse  duration  is  even  shorter  than  the  pulse  duration 
from  the  hard  edge  unstable  resonator.  This  results  in  the  highest  average 
pulse  powers,  which  is  defined  by  the  energy  divided  by  the  pulse  duration 
(=  E/t).,  for  the  high  central  refiectivity  gaussian  resonator  as  seen  in  figure 
12. 

The  brightness  of  the  beam  is  a  convenient  parameter  to  compare  the 


output  from  the  different  resonators.  The  brightness  can  be  defined  as 


265 


Under  matched  discharge  conditions,  UpFN  =  S  we  obtained  from  the 
HR  hard  edge  resonator  a  brightness  of  5.5*10^^  W/(cm^-sr).  This  is  an 
enourmous  increase  compared  to  the  brightness  from  the  stable  plano¬ 
concave  resonator:  B  =  W/(cm2.sr).  This  could  be  futher  in¬ 

creased  to  1.2*10^^  W/(cm^*sr)  if  we  pushed  the  discharge  to  its  limits. 
With  the  phase  unifying  resonator  a  slightly  larger  brightness  could  be 
obtained:  7.0*10^^  W/(cm2-sr)  under  matched  discharge  conditions  and 
1  4*1015  w/(cm^-sr)  maximally.  The  gaussian  resonator  with  M  =  2.0  and 

=  65%  resulted  in  a  brightness  of  9.1*10^^  W/(cm2-sr)  under  matched 
discharge  conditions.  Hence  under  matched  discharge  conditions  the  best 
results  are  obtained  with  the  gaussian  resonator. 

7.  Conclusions 

In  this  paper  we  presented  results  from  measurements  on  different  resonator 
designs  for  a  long  pulse,  low  gain  XeCl  excimer  laser.  A  stable  piano  concave 
resonator  with  50  %  feedback  results  in  a  homogeneous  nearly  square  beam 
with  500  m J  output  energy  and  7  mrad  divergence  under  matched  discharge 
conditions.  With  a  high  reflectivity  hard  edge  resonator  having  a  magnifica¬ 
tion  of  2.4  a  1.3  times  diffraction  limited  beam  can  be  obtained.  This  beam 
has  under  matched  discharge  conditions  an  output  energy  of  about  340  m J , 
a  divergence  of  32  /xrad  and  a  brightness  of  5.5*10^^  W/(cm2.sr).  The  energy 
content  of  this  beam  within  the  divergence  angle  is  about  60  %.  We  have 
shown  that  this  can  be  improved  by  using  partial  reflecting  hard  edge  out- 
couplers.  Attention  has  to  be  paid  to  the  phase  distortion  by  the  outcoupler. 
This  can  be  diminished  by  using  a  phase  unifying  outcoupler.  This  resonator 
resulted  in  a  beam  with  about  400  mJ  output  energy,  34  fira,d  divergence, 
an  energy  content  of  about  80  %  and  a  brightness  of  7.0*10^'^  W/(cm^-sr), 

To  reduce  the  side  lobe  energy  further  soft  edge  mirrors  have  to  be  used. 
We  have  shown  that  with  a  resonator  having  a  magnification  of  2.0  and  a 
central  reflectivity  of  65  %  a  beam  with  440  mJ  energy  and  27  /xrad  diver¬ 
gence  can  be  obtained  under  matched  discharge  conditions.  The  brightness 
of  this  beam  is  9.1*10^^  W/(cm2-sr).  Thus  the  best  results  were  obtained 
using  gaussian  resonators. 
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1.  Introduction 

A  slab-waveguide  configuration  is  the  one  of  the  most  promising  for  the  high  power  laser 
technology.  The  common  feature  of  the  slab  configurations  is  a  large  Fresnel  number 
=  cP/LA  for  the  horizontal  jc  axis  which  usually  is  contained  between  a  few  and  a  few 
hundred,  and  the  small  Fresnel  number,  less  then  1,  for  the  vertical  y  axis  Ny  ~  /LA 
(where  a,  b  are  lateral  and  transverse  dimensions  of  the  slab  respectively,  L  is  the  length 
of  the  resonator  and  A  is  the  wavelength  of  the  laser  radiation).  A  large  Fresnel  number 
(A/»l)  corresponding  to  the  lateral  dimension  of  the  gain  medium  allows  to  extract  high 
output  power  from  the  slab-waveguide  laser.  That  specific  geometrical  configuration  of 
the  lasing  medium  requires  specific  optical  resonators  as  well.  They  should  extract  the 
maximum  output  power  formed  into  the  high  quality  laser  beam.  Concerning  the  gain 
medium  of  the  slab-waveguide  lasers  it  can  be  divided  into  two  classes:  slab-waveguide 
geometry  with  and  without  side-walls.  Considering  the  optical  resonators,  three  main 
groups  can  be  distinguished:  resonators  with  spherical  optics  (stable  and  confocal  unstable 
resonators),  resonators  with  flat  optics  (with  and  without  waveguide  mode  filtering), 
resonators  with  DOE  mirrors  (Diffractive  Optical  Elements).  The  paper  includes 
elementary  review  of  slab  laser  resonators  and  presents  some  experiments  and  results 
obtained. 

2.  RF  excited  COj  slab  laser 

In  the  case  of  the  RF  excited  CO2  lasers  the  slab  configuration  is  particularly  useful 
because  of  diffusive  cooling  of  gas  laser  mixture  between  the  electrodes  (Fig.l).  The 
electrodes  form  guiding  walls  for  propagating  radiation.  The  Fig.  1  gives  detail  description 
of  geometry  and  a  way  of  RF  excitation  of  the  slab  laser.  The  frequency  of  excitation  the 
distance  c/ between  electrodes  and  the  pressure  p  are  the  three  basic  parameters  of  the  RF 
excited  laser  [1].  The  investigation  shows  that  optimal  condition  require  fulfilling  of  two 
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basic  scaling  conditions; 

df »  1-1  [MHz  mm]  and  pd  ^  1.7-2.0  [Totr  mm]  (1) 

When  the  homogeneous  RF  discharge  is  obtained  (the  coils  seen  in  Fig.  1  ensure  it)  at  the 
optimum  frequency  of  100-140  MHz  in  a  ^ical  laser  medium  He:Ne;C02  =  3:1:  l+5%Xe 
at  a  pressure  of  80-150  Torr  between  aluminium  electrode  spaced  1.5-2. 5  mm,  the 


generator  125  MHz 


Figure  1.  Construction  oftheRF  excited  slab-waveguide  laser 

extraction  of  the  output  power  from  the  unit  area  of  the  slab  laser  at  the  optimum 
transmission  of  the  output  mirror  is  about  2-3  Watt/cml  Hence,  the  simple  laser  with 
dimensions  of  1.7x20x400  mm  (with  alumina  side-walls)  filled  with  a  homogeneous  RF 
plasma  gives  the  output  power  of  180-240  Watts  with  efficiency  of  10-14%  [2].  Typical 
plane-plane  mirror  resonator  with  fully  reflecting  and  92%  reflectivity  output  mirrors 
gives  the  laser  beam  which  is  a  mixture  of  a  few  or  even  a  few  tens  of  waveguide  modes 
where  m  is  the  lateral  waveguide  number  and  can  rich  even  50-60  and  n  is  the 
transverse  waveguide  number  and  is  usually  equal  to  1  (a  basic  waveguide  mode).  The 
mode  structure  and  the  line  content  of  the  output  power  depend  on  the  resonator 
dimensions  and  the  pressure  of  a  lasing  mixture.  The  main  disadvantage  of  this 
construction  is  the  bad  quality  of  the  output  beam.  Hence,  there  is  necessity  of  searching 
for  new  resonators  ensuring  high  beam  quality  of  slab  lasers. 
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3.  Slab  laser  resonators  -  review 

A  large  area  discharge  lasers  requires  designing  of  specific  optical  resonators  to  get  high 
quality  laser  beam  output.  In  practice,  the  parameter  [3]  applied  for  technological 
lasers  should  be  close  to  1.  Considering  RF  discharge  slab  lasers,  two  basic  groups  of  the 


Confocal  unstable  resonator  (positive  branch) 


DOE  resonator  (symetric) 


Confocal  unstable  resonator  (negative  branch) 


DOE  resonator  (assymetric) 


Fig.  2.  Resonator  configurations  for  the  slab  structure  without  side-walls 

resonators  can  be  distinguished:  the  resonators  without  and  with  side-walls.  Apart  of  the 
laser  mirrors,  the  side-walls  have  quite  important  influence  in  creating  of  an  inside 
resonator  mode  structure. 

The  Fig.2  gives  the  family  of  the  optical  resonators  for  the  slab  lasers  without 
side-walls.  This  resonators  are  characterised  by  waveguiding  in  transverse  direction  and 
free  space  propagation  in  lateral  direction.  They  include  stable,  unstable  and  DOE 
configurations. 

The  confocal  unstable  resonators  are  commonly  applied  in  industrial  lasers.  Both 
configurations,  positive  and  negative  branches,  have  different  advantages  and 
disadvantages.  Tlie  positive  branch  forms  more  homogeneous  distribution  of  the  radiation 
inside  of  the  resonator  but  it  is  much  more  sensitive  to  the  misalignment.  The  negative 
branch  does  not  ensure  good  radiation  homogeneity.  Nevertheless,  it  is  very  resistive  to 
the  mirror  tilting.  The  slab  laser  with  the  positive  branch  of  the  unstable  resonator  gives 
approximately  30-40%  more  output  power  then  the  same  laser  with  the  negative  branch 
configuration. 

The  simplest  plane-plane  configuration  is  not  practical  because  of  its  huge 
sensitivity  to:  the  mirror  tilting,  gradient  of  refractive  index  caused  by  plasma  temperature 
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distribution  and  unflatness  of  the  mirror  applied.  However,  when  well  aligned,  it  forms 
the  low  order  free  space  “Fox  and  Lee”  mode.  This  mode  is  easily  transformable  by 


Multi-mode  reeonator 


Talbot  selector  resonator  (with  grids) 


Hole-output  coupling  resonator  (assymetric)  Hole-output  coupling  resonator  (symetric) 


Fig.  3.  Resonator  configurations  for  the  slab  structure  with  side-walls 

diffractive  optics  into  a  quasi-Gaussian  beam  (DOE  resonators  in  symmetric  and 
asymmetric  configurations  -  see  Fig.2).  The  slab  configuration  seems  to  be  very  promising 
for  developing  DOE  resonators  [4]. 

As  it  was  mentioned  above  the  alternative  approach  to  the  slab  resonators  is  to 
use  side-walls  to  ensure  waveguiding  in  both  lateral  and  transverse  directions  -  see  Fig.  3. 
The  simplest  multi -mode  plane-plane  resonator  has  been  described  in  chapter  2.  Its 
applicability  is  limited  because  of  a  high  value  of  the  parameter  in  lateral  direction 
20). 

The  hole-output  coupling  resonators,  in  asymmetric  and  symmetric  versions,  are 
rather  not  practical  because  of  a  very  unstable  output  mode  pattern  and  bad  beam  quality 
(A// >5). 

The  most  promising  configuration  for  the  slab  laser  with  side-walls  seems  to  be 
the  resonator  with  Talbot  selection,  which  is  described  below. 

4.  Slab  lasers  with  Talbot  selection 

Our  main  attention  is  put  to  the  resonators  with  so  called  Talbot  mode  filtration  [5].  The 
idea  is  based  on  putting  an  in-cavity  grid  which  matches  the  periodicity  of  the  desired 
mode  together  with  slab  waveguide  dimensions  which  create  coherent  self-imaging  by 
Talbot  effect  [6]. 

4.1.  Four-wave  model 

To  explain  the  wave  propagation  in  the  slab  laser  with  the  side-walls  we  can  use  simple 
illustration  of  tlie  two  plane  waves  interference  as  is  shown  in  Fig.  4.  When  two  plane 
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waves  are  crossed  at  small  angle  the  interference  pattern  is  created.  When  the 
interference  pattern  is  build  up  in  the  frame  of  rectangular  figure  (we  consider  2- 


Fig.  4,  Four-wave  model  of  waveguide  mode  creation  in  the  slab  laser 

dimensional  case)  according  to  the  rule  that  the  nodal  planes  overlap  the  side-walls,  the 
internal  radiation  is  exactly  the  same  as  a  waveguide  mode  Subscripts  m  and  n 
denote  numbers  of  interference  fringes  along  x  and  y  axes  and  they  are  the  wavegude 
mode  numbers.  The  slab  is  usually  designed  to  be  so  thin  in  the  transverse  direction  in 
order  to  keep  n=\  (one  fringe,  one  dot).  In  the  lateral  direction  (large  Fresnel  number)  the 
number  of  fringes  (number  of  dots)  is  usually  much  larger  than  1.  In  the  CO2  slab  laser 
a  few  or  a  few  tens  of  lateral  modes  can  oscillate  simultaneously.  The  mode  structure  of 
the  output  power  and  the  number  of  the  emission  lines  (of  the  CO2  molecule)  depend  on 
slab-waveguide  dimensions  of  the  resonator  and  the  pressure  of  the  lasing  mixture  (the 
spectral  width  of  the  pressure  broadened  spectral  line  of  carbon  dioxide  depends  linearly 
on  a  pressure  and  is  given  by  an  approximate  formula  A\^5p  [MHz],  where  p  is  the 
pressure  of  the  mixture  in  Torr).  The  modes  oscillate  on  the  frequency 


qmn 


.3^  ,±cA 

2L  32 


(2) 


where  q  a  large  integer  number  corresponding  to  the  longitudinal  mode,  L  is  the  resonator 
length,  a,b  are  the  lateral  and  transverse  dimensions  of  the  slab,  w,  n  are  the  longitudinal 
and  transverse  mode  numbers  respectively,  c  is  the  light  speed. 

The  above  mechanism  of  mode  structure  creation  can  be  quite  easily  verified  by 
diagnostic  system  enabling  to  observe  the  spatial  Fourier  transform  of  the  laser  radiation 
(the  far  field  image  in  the  focus  of  the  lens  or  concave  mirror)  and  line  structure  analysis 
(external  grating).  When  to  add  the  extra  condition  for  the  resonator  length  L,  guarantying 
the  Talbot  self-imaging  of  the  mode  structure  (it  means  when  a  spatial  internal  filter 
selecting  well  defined  mode  structure  is  inserted  inside  a  slab  resonator),  the  slab- 


272 


waveguide  laser  can  operate  as  a  single-frequency  laser.  A  periodic  wire  grid  can  be  used 
as  the  filter.  The  grid  period  d  should  satisfy  so  called  Talbot  condition: 


d  = 


(3) 


where  I7.  is  the  Talbot  length  of  the  resonator,  A  is  a,  laser  wavelength,  /c:  is  an  integer  [5], 
5.  Experiments 

We  investigated  the  slab  laser  witli  the  Talbot  grid  filter  inserted  near  the  slab  as  is  shown 
in  Fig.  5.  The  grids  were  made  of  gold  wires  50  pm  in  diameters.  For  the  construction  of 


Fig.  5.  Construction  of  the  slab  laser  with  Talbot  selection 

the  slab  400  mm  long  we  used  the  grid  period  d  =  2.07mm  fulfilling  Talbot  condition  (3). 
The  width  of  the  slab  was  20.7  mm  {m  =10)  to  select  mode  EHjqj.  The  mirror  mounts  of 
the  resonator  were  clamped  on  the  thick  invar  rod,  ensuring  small  thermal  extension.  The 
total  reflecting  mirror  was  equipped  with  three  piezoelectric  transducers  to  ensure  precise 
tilting  and  tuning.  Tlie  output  obtained  for  this  construction  was  120  Watts  at  the  pressure 
of  90  Torr  and  the  frequency  of  excitation /  =  125  MHz. 
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5.1  Laser  beam  analysis 

The  profiles  of  the  laser  beams  formed  in  tlie  resonator  with  the  Talbot  selector  in  the  near 
and  far  fields  are  shown  in  Fig.  6.  In  some  cases  the  laser  can  operate  also  in  EH 201  mode 


K  1 


Near  field  Far  field 


Fig.  6.  Profiles  of  the  laser  beams  in  near  and  far  fields 

(see  Fig.7).  It  is  specific  for  the  slab-waveguide  laser  mode  that  its  far  field  pattern  (in 
practice  taken  in  the  focal  plane  of  the  lens  or  concave  mirror)  is  localised  in  two  main 
lobes. 


i 


•  ••!•§• ill 


EHjo  I  mode 


Fig.  7.  Far  (higher  pictures)  and  near  (lower  pictures)  fields  patterns  o^EHioj  and  EH 20,!  modes 


In  order  to  check  the  laser  mode  spectrum  we  built  the  diagnostic  set-up  for  the 
mode  and  spectral  line  analyses  as  is  shown  in  Fig.  8a  and  8b.  The  evolution  of  the  mode 
pattern  (see  Fig.  8a)  shows  tliat  tlie  laser  oscillates  usually  on  more  than  one  spectral 
emission  line.  For  the  Talbot  filtering  it  can  operate  on  the  three  selected  modes:  EHjq  j, 
EH2o,i.  EH^o  j.  The  odd  modes  EHjq  j  and  EH^q  j  are  phase-locked  (it  is  obvious 
consequence  of  the  Talbot  effea).  Hence,  they  oscillate  on  the  same  frequency  (see  eq.  (2)) 
and  the  same  spectral  line  (see  the  first  pattern  in  Fig.8a).  The  even  EH20J  mode  is  never 
in  synchronism  with  the  basic  Talbot  EHjoj  mode  and  it  always  oscillates  on  different 
spectral  line. 
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It  was  also  usefiil  to  find  out  the  sensitivity  of  the  settled  mode  pattern  to  the 


evolution  of  the  mode  pattern  wKh  tuning  d 


Fig,  8a.  Mode  and  line  analysis  of  die  slab  laser  beams  for  longitudinal  tuning  oftiie  output  mirror 


- ► 

evolution  of  the  mode  pattern  with  angle  a 


Fig.  8b.  Mode  analysis  of  the  slab  laser  beams  for  the  pure  (no  tuning)  tilting  of  tlie  output  mirror 
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mirror  misalignment.  To  check  it  we  observed  the  mode  patterns  with  mode  and  line 
selection  introducing  pure  tilt  of  the  output  mirror.  The  experimental  set  up  and  some  far 
field  beam  profiles  are  presented  in  the  Fig.  8b.  We  introduce  the  measure  of  this 
sensitivity  as  a  tilt  ^^ng\ea^  in  the  frame  of  which  the  considered  mode  still  oscillates.  We 
call  it  “mode  keeping  angle”.  Its  value  depends  on  the  spectral  emission  line  and  the  state 
of  tuning.  The  measured  mode  keeping  angles  for  EH jqj  and  EH20J  modes  were  included 
in  the  range  of  35  to  55  prad.  To  increase  the  mode  keeping  angle  we  introduced  the 
second  Talbot  grid  near  tlie  second  mirror  [7].  We  found,  that  using  two  Talbot  grids,  the 
selected  mode  of  the  laser  output  is  more  stable  and  less  sensitive  to  tilt  (keeping  angle 
increased  to  about  70  prad). 

5.2.  Transformation  of  the  Talbot  selected  beam  on  the  external  phase  plate 

The  disadvantage  of  the  Talbot  filtration  is  the  fact  the  output  power  in  far  field  has  two 
lobes.  There  is  possibility  to  combine  both  lobes  into  one  strong  lobe  by  phase  shifting  by 


Fig.  9.  Transformation  of  the  Talbot  selected  beam  on  the  external  phase  plate 


TT  in  each  second  dot  of  the  near  field  pattern  [7].  We  have  done  it  by  application  of  a 
binary  mirror  with  the  Talbot  period  in  the  re-image  plane  (Fig.  9).  In  this  figure  we 
present  botli  theoretical  and  experimental  results  of  the  beam  profiles  transformed  via  tlie 
binary  plate. 
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5.3.  measurements 

The  beam  profile  of  the  slab>waveguide  laser  in  the  transverse  direction  is  usually  very 
well  defined  and  very  near  to  the  basic  Gaussian  TEMqq  mode  (its  parameter  is  close 
to  1).  There  is  different  situation  in  the  lateral  direction.  However,  as  we  observed,  each 
lobe  in  the  double  far  field  pattern  seems  to  be  very  close  to  the  basic  Gaussian  mode  as 


M^=  1.05 


M*=  1.40 


Fig.  10.  KE  measurements  for  one  lobe  of  the  Talbot  laser  beam  (left  pictures) 
and  for  the  central  lobe  pf  the  phase  plate  transformed  Talbot  laser  beam  (right  picture) 


well.  So,  we  measured  the  beam  quality  of  one  spatial  selected  lobe  in  the  far  field  pattern 
of  the  Talbot  laser  (see  Fig.  10).  The  quality  of  the  single  lobe  is  extremely  good 
(A^=1.05).  We  performed  the  same  measurements  for  the  central  lobe  of  the  phase  plate 
transformed  laser  beam.  The  result  obtained  was  worse  (M^  =1.40),  but  we  expect  a  bit 
better  result  with  improvement  of  the  beam  alignment  on  the  phase  plate  (in  our 
experiment  we  used  the  optical  system  with  the  concave  mirrors  that  caused  deformation 
of  the  laser  beam). 

Comparing  the  two  mentioned  above  Talbot  structures,  with  and  without  phase 
plate,  it  is  obvios  that  in  tlie  double  lobe  case  each  lobe  contains  approximately  half  of  the 
overall  output  power.  The  central  lobe  of  the  transfonned  beam  contains  approximately 
75%  of  the  total  output  power.  We  think  that  both  cases  are  applicable.  Particularly  the 
double  lobe  Talbot  slab  laser  gives  two  easily  separatable  very  high  quality  laser  beams 
and  their  only  disadvantage  is  that  they  are  split  in  the  power. 

The  system  with  an  external  reflecting  phase  plate  for  transforming  two  lobes  into 
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one  is  not  very  practical.  However,  it  may  be  modified  into  a  much  simpler  construction 
where  the  output  laser  mirror  plays  a  role  of  the  phase  plate  as  Fig.  1 1  demonstrates. 


Fig.  1 1.  Pos.sible  configurations  of  the  slab-waveguide  laser  with  transparent  phase-plate 
for  double  lobe  transformations 


5.4.  Slab  laser  as  a  ring  laser 


mirrors 


Fig.  12.  Simplified  model  of  a  slab  laser  as  a  ring  laser 
and  setup  for  combining  two  lobes  into  one 


The  four  wave  model  of  waveguide  mode  creation  in  the  slat  laser  (see  Fig.  4)  shows  that 
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each  lobe  of  tlie  individual  EH^  j  mode  can  be  treated  as  a  running  wave  in  clock  wise  or 
anti-clock  wise  directions  around  the  slab  structure.  This  idea  is  shown  roughly  in  Fig.  12. 
Using  above  model  we  arranged  the  experiment  of  combining  two  lobes  of  the  one  selected 


Fig.  13.  The  interference  pattern 
of  overlapped  lobes.  Number  of 
fringes  can  be  controlled  by  the 
angle  between  crossing  waves 


EH  101  mode  into  single  lobe.  We  overlapped  both  lobes  using  two  adjustable  flat  mirrors. 
Overlapped  lobes  gave  the  nice  stable  interference  pattern  (Fig.  13).  This  simple 
experiment  proves  that  it  is  possible  to  combine  both  lobes  into  one  interference  fringe 
(one  intensive  lobe)  by  proper  adjustment. 

6.  Conclusions 

In  the  paper  we  presented  the  short  review  of  resonators  for  slab-waveguide  lasers.  The 
main  attempt  has  been  put  to  our  research  on  mode  selected  resonators.  We  gave  the  four- 
wave  picture  of  the  wave  propagation  in  the  slab-waveguide  structure.  The  mode  keeping 
angle  of  the  slab-waveguide  individual  mode  has  been  introduced  and  measured.  The 
series  of  measurements  of  parameters  have  been  performed  for  basic  selected 
constructions.  We  showed  that  the  spatially  selected  single  lobe  from  the  slab-waveguide 
mode  has  very  good  quality  parameter  ~  1.05.  That  is  the  main  conclusion  of  our  work. 
We  also  showed  the  original  and  promising  concept  of  two  lobes  combining  into  single 
one  without  using  any  external  binary  optics. 
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Abstract 

The  electrodynamic  system  of  diffraction  coupled  open  resonators  (OR) 
with  two  spherical  mirrors  was  experimentally  investigated.  The  system  is 
constructed  as  two  metal  blocks,  on  which  mechanically  made 
spherical  mirrors  with  small  holes  of  coupling  in  centers  are  put  one  next 
to  another.  In  millimeter  region  the  frequency  dependence  and  spatial 
spectra  ofsuch  systems  were  obtained,  distributions  of  fields  of  different 
oscillation  types  were  investigated,  merit  value  was  estimated.  The 
system  of  three  diffraction  coupled  OR  was  excited  at  3-4  modes  of 
oscillations;  the  merit  value  was  300-1000.  It  was  experimentally 
established,  that  in  such  systems  topmost  and  asymmetrical  oscillation 
modes  are  excited  mostly  effective  and  the  major  part  of  field  energy  is 
concentrated  near  rims  of  mirrors.  It  allows  to  produce  good  diffraction 
coupling  of  the  neighbor  OR.  Real  coupling  coefficient  was  0.2-0.7. 
Carried  out  investigations  demonstrated  that  in  the  systems  with  the 
coupled  resonators  using  unstable  OR  with  large  diffraction  losses  is 
very  promising. 

1.  Experimental  Studies 

This  paper  is  devoted  to  the  investigations  of  diffraction  coupled  two- 
mirror  open  resonators  (ORs)  with  spherical  mirrors. 

281 

R.  Kossowsky  et  al  (eds,).  Optical  Resonators  -  Science  and  Engineering,  281-287. 

©  1998  Kluwer  Academic  Publishers.  Printed  in  the  Netherlands. 


282 


The  system  under  investigation  is  presented  at  fig.  1,  it  is  made  in  a  form  of 
two  metallic  blocks,  on  which  mechanically  made  spherical  mirrors  with 
small  coupling  holes  in  the  center  of  them  are  put  close  to  each  other. 
Mirror  curvature  radius  was  7.7  mm,  mirror  aperture  -  14.4  mm,  coupling 
hole  radius  -  1  mm. 

Experimental  investigations  of  ORs  with  diffraction  coupling  were  carried 
out  on  automatic  device  [1,2]  in  millimeter  region  of  wavelength; 
spectrum  of  this  system  was  obtained  both  at  fixed  distance  between 
mirror  blocks  and  in  change  of  this  distance.  Also  the  factor  Q  and  field 
distribution  of  different  oscillation  types  were  investigated. 

Experimental  device  (fig.2)  consists  of  electromagnetic  wave  generator  in 
millimeter  region,  UHF-detector,  amplifier,  oscillograph,  digital  voltmeter 
and  elements  of  automation,  which  include  IBM  PC,  input-output 
controllers,  digital-to-analog  converter  (DAC),  step-by-step  motors  and 
generator  operating  scheme. 
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The  system  under  study  is  placed  on  the  optical  bench  with  micrometer 
tables  and  is  excited  through  the  coupling  holes  in  one  of  the  mirrors  by 
means  of  supplying  electromagnetic  energy  waveguide.  Through  the 
analogous  hole  in  the  other  mirror  and  the  waveguide  signal  comes  to  the 
UHF-detector  and  then  through  the  amplifier  at  the  same  time  to  the 
oscillograph  and  digital  voltmeter,  coupled  with  IBM  PC  by  means  of  the 
controller.  The  frequency  sweep  and  change  of  distance  between  mirror 
blocks  is  carried  out  also  with  the  help  of  IBM  PC. 

While  studying  a  spectrum  of  the  system  in  condition  of  changing  distance 
between  mirror  blocks  at  fixed  excitation  frequency,  as  a  rule, 
equidistance  of  excited  oscillation  types  was  found  (fig.3).  Changing 
distance  between  mirrors  excitation  of  a  four-five  cell  system  with  exciting 
area  near  concentric  geometry  of  resonators  was  successful. 

Spectrum  of  investigated  system  at  excitation  of  three  coupled  OR  at 
fixed  distance  between  mirror  edges  (L  =  1  mm)  is  presented  at  fig.4  (the 
signal  was  taken  from  the  3rd  resonator). 

Such  system  showed  rather  rare  spectrum.  Factor  Q  of  individual 
oscillation  types  reached  a  value  of  5-10^.  It  was  obtained  according  to  the 
formula  Q=fyAf  (where  f  -  oscillation  frequency,  Af  -  resonance  curve 
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width  of  excited  oscillation  type  at  half  amplitude).  Hole  size  did  not  allow 
the  system  to  excite  at  frequencies  less  than  63  GHz. 


Elaboration  on  field  distribution  of  different  oscillation  types,  excited  in 
the  coupled  ORs  system  showed  that  in  such  system  effectively  excite  only 
that  oscillations,  which  field  amplitude  is  considerably  larger  near  mirror 
edges,  than  in  the  center.  The  example  of  such  field  distribution  is 
presented  at  fig.  5  (center  of  OR  mirror  is  marked  with  dotted  line). 
Asymmetry  in  field  distribution  was  a  characteristic  of  practically  all 
studied  oscillation  types. 


2.  The  Numerical  Model 


Using  solutions  of  parabolic  equation  for  several  oscillation  types  let  us 
estimate  possible  values  of  transmission  coefficient  and  factor  Q  for  two 
diffraction  coupled  ORs  with  spherical  mirrors  at  fixed  mirror  aperture 
and  different  beam  width. 

Consider  the  simplest  model  of  interaction  between  two  identical 
symmetric  ORs  with  parallel  optical  axes  and  which  mirrors  touch  each 
other  by  edges.  Suppose  we  know  for  corresponding  oscillation  type  field 
distribution  on  the  first  OR  mirror  and  out  of  its  limits.  For  this  purpose 
let’s  use  well  known  analytical  solutions  of  a  problem  of  self  oscillations 
of  OR  with  spherical  mirrors,  expressed  in  terms  of  Gauss-Lagger 
polynomials  [3]: 
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where  L"^  -  generalized  Lagger  polynomial,  5om  -  Cronecker  symbol,  w(z) 
-  beam  width,  on  which  its  amplitude  decreases  in  e  times,  R(z)  - 
wavefront  radius  of  curvature  (z  axes  is  fair  with  optical  axes  OR). 
Suppose  plane  z=0  is  a  system  symmetry  plane  (R(z)=0),  then 
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and  resonation  condition  is 
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where  m,  n,  q  -indexes  of  oscillation  types,  L  -  distance  between  mirrors, 

A,  -  wavelength,  k  -  wave  number. 

With  the  help  of  integration  of  field  amplitude  square  of  known  field 
distribution  of  corresponding  areas  it  is  possible  to  estimate  the  energy 
stored  in  the  first  resonator,  dif&action  loss  and  part  of  them,  responsible 
for  the  oscillations  excitation  in  the  second  OR.  Obtained  results  allow  us 
to  estimate  value  of  factor  Q  in  first  OR  and  transmission  coefficient  in 
second  OR. 
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Figure  6.  Dependence  of  transmission  coefficient  on  factor  Q. 


The  results,  obtained  for  some  lowest  oscillation  types  are  presented  at 
fig.6  (an  factor  Q  -  transmission  coefficient  plot).  From  the  fig.6  it  is 
clearly  seen,  that  increase  of  transmission  coefficient  is  accompanied  by 
fast  decrease  of  factor  Q,  and  asymmetric  oscillations  excitation 
(particularly  for  lOq  oscillation  type)  is  traded  off  for  effective  energy 
flow  from  one  OR  to  another. 

Let  us  note  the  limits  for  such  estimation.  At  first,  as  a  base  of  this  model 
a  solution  of  problem  of  OR  with  “infinite  mirrors”  self  oscillations  is 
taken;  this  solution  in  principal  don’t  take  into  account  the  influence  of 
mirror  edges  on  field  forming  on  OR  mirror  and  out  of  it.  For  this  reason 
the  value  of  transmission  coefficient  fi-om  one  OR  to  another  is  small 
while  the  values  of  factor  Q  is  real.  Secondly,  it  must  be  noted  that  while 
estimating  the  transmission  coefficient  we  don’t  take  into  account 
efficiency  of  transformation  of  first  resonator  oscillation  energy, 
transmitted  into  the  second  resonator,  into  the  exciting  resonant 
oscillation  of  this  resonator. 

3.  Conclusions 

The  numerical  model  confirmed  the  supposition  about  the  predominant 
exciting  of  highest  and  asymmetric  oscillation  types  in  such  system,  as  was 
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showed  in  the  experiment.  The  experimental  investigations  showed 
effectiveness  of  functioning  of  diffraction  coupled  two-mirror  ORs  with 
spherical  mirrors  systems  near  concentric  geometry. 
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Abstract 

It  has  been  shown  that  high-intensity  laser  radiation  reduces  the  threshold  of  gas 
discharge  thennal  instability  in  the  fast-axial  flow  (FAF)  laser  The  turbulent 
characteristics  of  gas  flow  in  the  active  medium  of  the  gas-discharge  laser  have  been 
measured  experimentally  and  the  estimation  of  their  influence  01  the  wavefront 
distortion  of  the  laser  beam  have  been  made. 


1.  Introduction 

The  optical  nonuniformities  of  the  active  medium  are  the  important  physical 
factors,  influencing  the  high-power  industrial  laser  beam  quality.  They  cause  linear 
and  nonlinear  aberrations  of  the  laser  beam  wavefront.  The  small-scale  (as  compare  1 
with  the  laser  beam  transverse  size)  optical  nonuniformities  arise  alongside  with  the 
large-scale  spatial  nonuniformities  of  the  refraction  index  of  self-sustained  dc- 
discharge  cw  CO2  lasers  amplifying  medium  [1,2].  They  are  initiated  by  fluctuations  cf 
gas  density  and  have  a  stochastic  character.  The  investigation  of  the  influence  of  the 
refraction  index  stochastic  fluctuations  in  the  space  upon  the  spatial  characteristics  of 
the  laser  beam  is  important  to  determine  the  upper  limit  of  the  industiial  CO2  lase  r 
beam  quality,  because  the  optical  nonuniformities  of  this  kind  can  be  compensated  only 
by  the  phase  conjugation  method. 

This  work  presents  some  results  of  tlie  investigation  concerning  the  small-scale 
optical  nonuniformities  of  self-sustained  dc-discharge  FAF  high-power  cw  (2O2-  lasers 
active  medium.  The  fluctuations  of  the  laser  mixture  refraction  index  can  be  caused  by 
ionisation-thermal  instability  of  the  discharge  in  a  turbulent  gas  flow. 


2.  Enhancement  of  active  medium  small-scale  optical  nonuniformities  in  the 
field  of  laser  radiation  under  self-sustained  discharge  thermal  instability. 

In  the  high-power  fast-flow  CO2  lasers  the  laser  radiation  field  has  an  essential 
effect  on  heat  release  rates  at  VT-relaxation  [1].  It  may  be  the  cause  of  various 
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nonlinear  processes.  In  particular,  the  kinetic  heat  release  (the  rise  of  the  laser  mixture 
temperature  in  the  field  of  laser  radiation)  can  increase  the  increment  of  the  gas 
medium  density  disturbance  exponential  growth  under  thermal  instability  of  the 
discharge.  And  thus,  it  can  enhance  the  small-scale  stochastic  optical  gas 
nonuniformities.  This  effect  deteriorates  the  optical  quality  of  the  active  medium  [3|. 
The  paper  [3]  considers  the  transverse-flow  cw  CO2  laser.  In  the  present  paper  we 
consider  the  FAF  laser. 

The  temporal  evolution  of  the  temperature  fluctuation  ^  and,  respectively,  of  the 
gas  mixture  density  dp,  in  the  field  of  laser  radiation  is  described  by  the  equations  cf 
heat  balance  and  kinetics  of  the  CO2  laser.  In  the  mode  approximation  it  have  the 
form: 


de^  _  R 
dt  N{y^+y„) 


Jc  ^3 

Yc+Y„  -^2 


Yc  Se. 

- - ^-v~  +  DAe^ 

dx 


(1) 


dT  ^  .  e,  ©,  dT 

+— a/  +  il-n)W-Cppv  —  +  c^pXtAJ.  (2) 


Here  ^3  is  the  average  number  of  vibrational  quanta  of  the  CO2(001^'i  molecule 
antisymmetric  mode;  is  the  concentration  of  the  C02:N2:He  mixtuie  particles;  jo,  Vn 
are  the  mole  fractions  of  CO2  and  N2,  respectively;  N  is  the  con(;entraiion  of  CC2 
molecules;  R=T}W/(hco3),  V-  is  the  efficiency  of  vibrational  excitation  (80-85%);  T2  is 
the  effective  time  of  collisional  nonradiative  VT-relaxation  of  the  001®  mode;  hcoo  is 
the  energy  of  a  laser  quantum;  ho)j^2ha)2  is  the  energy  of  a  vibrational  quantum  in  the 
symmetrical  mode;  v  is  the  gas  flow  velocity;  a  is  the  gain;  A  is  the  coefficient  of 
turbulent  diffusion;  Xt  is  the  coefficient  of  turbulent  heat  ccnductivitr 

a  -  1  ^ 

^  ~  r  dr^  '  ^=7^  is  the  specific  power  input  into  the  discJiarge;  hcos  is  tl  e 
energy  of  a  nitrogen  vibrational  quantum.  The  equations  (1)  and  (2)  are  written  in  an 


approximation  of  the  fast  VT-relaxation  of  the  lower  laser  level,  i.e.  — ^  =  0  As  seen 

dt 

from  the  equations  (1)  and  (2),  the  heat  release  in  the  laser  mixture  depends  on 
radiation  intensity,  therefore  it  is  nonlinear. 

Further,  we  use  the  approximation  a  =  cN^e^ ,  which  means  the  small  population 

of  the  lower  laser  level  in  comparison  with  the  upper  one,  i.e.  Then  the 

equations  (1)  and  (2)  are  simplified: 


de,  ^  T|  W  Y,  e, 
dt  N  y,^y„z^ 


y.  gJ  Be, 

- - — e  --0  — 

y,+y„h&^  dx 


+  D^A^e^ 


(3) 
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—  =  ft(03 - 

dt  C„PT; 


gj  + 


0, 


W 


dT 


0 


gj+O-ri) - y— 4x,AT 


CpP 


dx 


(4) 


The  stability  of  solution  of  the  equations  set  (1)  and  (2)  will  be  investigited  by  the 
usual  method,  i.e.  through  linearizing  the  functions  and  T  in  the  vici  lity  of  the 
stationary  solution.  For  this  purpose,  we  shall  write  the  equations  for  variations  of 
and  ST’. 


dde.. 


8t  ^0  3(Yc+Y«) 


W 

N 


(T.+T.)';  Y.+T.  to, 

-8u^-y-:r-^  +  5D,A  gj  4  D  A.Sej  -,  (5) 
dx  dx  I  ■  ^ 


N. 

dt  ~  Kp  J 


^iV,^ 
^  P^ 


6^3  4(1 -ri)— 6 


VPY 


-  -—5v 
dx 


d5T 

dx 


t;  +  5X(A7  4X(A,8r 


(6) 


To  avoid  the  complicated  expressions,  it  is  assumed  here  that  ^2  and  a  do  not  depen  j 
on  the  gas  temperature  and  density.  The  corresponding  error  related  to  this  assumptio  i 
can  be  easily  calculated.  Moreover,  we  neglect  direct  heating,  because  (l-n)^0.2.  To 
find  an  approximate  solution  of  (5)  and  (6),  we  use  the  following  approximations  of 
functions  63  and  T\ 


e3(x,r)  =  ^^^x; 


T(x,r)  = 


^m-To 


I 


X  +  Tn 


=  j ei{xj)dx  £  e'3(0)[l  -  ^^2]  i  ^  =  J T{x,r)dx  =  T (0)(^I 


where  T (0)  =  '*'^0  ^  =  “^3(40) ,  a,  I  are  the  radius  and  length  of  the 

2  2 


gas  discharge  tube  (GDT);  To,  T(l,0)  are  the  gas  temperatures  at  the  entrance  and  at  the 
exit  GDT.  Allowing  for  (7)  and  taking  into  consideration  the  dependence  vp=  voPo,  D  , 
j  -  V  from  (5),  (6),  we  obtain 


05^3  r|  Wf  T  dW\F>T  6T 

dt  ~fi(S),iy,+y„)NV'^W  dT )  T  T 
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Y.  r  1  cj 


(Yc  +y„)U2  ^ 


eM,r)  V  dT 

-  -beS,r)  +  y-  + 


S5T  f  ^©3  [  (n^aJfN 


P  Y  ©0  cA  p 


5e,  - 


Ti(r)-TQ  bT  bT  V 

- ] - +  +  <9) 

After  averaging  along  the  longitudinal  coordinate  we  find  from  (8)  and  (9) 

asg3  r|PF(i+y)  bT  Yc  (.  aIs  _53(A^)  5r 
St  fi(o,iy,+y„)NT  (y,+y„)x2[  Js)  ^^  /  " 

V  ST 

-j5e2(l,r)+(Ar^3)D,~-i  DiA,bs^;  (10) 


S5T  \h(si2,  Nc(^  ©I  J 


vbT 


here  T  = 


T  dW  dlnW 


ST  _  r 

+  (\T)x,~  +  x,A,T  +  -ST^(r),  (ii) 


W  dT  8lnT  ' 

Using  (7)  from  (10)  and  (1 1)  we  obtain 

_  r[W(l  +  f)  ST  Yc  (  AIs-  -ST 

dt  h(di{yc+y„)NT  (Yc+Y«)x2V  I  ^  Y 

f  4  _  6r  4  _ 

2-b^^  -  y  g3(0)Z),  —  -  y  Z),  A,5g3(())  ; 


l  +  -L^  8g3-2(7r-ro)T— 
Cpt2  P  ©0  ^  I  T 


4  r(0)  4  2f 

y — X,5r  -  y  X,5n0)  -  y  Sr, 
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Here  6^3  ;  bT  -  ,  and  the  line  designates 

the  average  values  along  tlie  GDT  length  (axis  x). 

The  condition  of  solution  of  the  linear  equations  set  (12)  and  (13)  is  found  by  the 
well  known  method 


5?3-C,e^',5r  =  C2e^' 
After  (14)  substitution  in  (12)  and  (13)  we  have  for  r=0 

yCi  =  ^^2  +  tljC] , 
yCi  =  djCi  +biC2 

y,  r  2p  4  _ 

where  fli=-- - ; —  ‘  +  Tr"T“^M> 

(yc+Y«)^2V  Js)  I 

TiPr(l  +  y)  2Trg3(0)  4Z?, 

^  rt(0  3(yc+y„)7W  IT  T  ^  ’ 

NcMJ,  ,  ®i  “o  K  ^  . 

Cppei^y  (O3V  \  +  JIJ,y,N 

2v_^_  2(7(0) -7o)y 

^  /  «2  5Cr  7^(0)  ^ 


The  existence  of  a  solution  to  the  linear  equations  set  (15)  requires  the 
determinant  coefficients  matrix  to  be  equal  to  zero: 

ly-^,  -6  I 


-ai  y-bi 


=  0,  i.e.  (y-fli)(y-Z)2)-a2A  "^0. 


As  the  result,  we  obtain 

1  Fi 

Y|,2  =  2(^1  +^)±-y 4(«I  +^)  +(«2A  -«1^)  • 

As  aj<0  and  b/<0,  then 

r  =  +  +b2/  +('a2bj  -ajb;) 

The  thermal  instability  becomes  possible  at  a2bj>  ajb2  ,  where 


Y,r]W(l  +  f)  (0sf2v  417,)a(0y,  [ .  «>i  •/ 


L  _  I  C  I  \  ^  ^ _  ,  I  V  ^  J  1  I  I  ^ _ 

(Yc+y„)<^;,p7’'t2  )  CppT  I  03  yj’ 


(18) 
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«1^2  = 


1  + 


(Yc+Y«)'t2V 


Iv  4  ^ 
/  a  ‘ 


2rr  8_  ,  2(r(0)-7;)ir 


a 


X/  + 


r(o)  i 


(19) 

The  reasons  for  improvement  of  the  discharge  stability  are  clearly  seen  from 
expressions  (16)  and  (18),  (19).  To  them  belong  the  convective  removal  and  turbulent 
diffusion  of  the  excited  CO2  molecules,  the  dependence  of  the  flow  velocity  on 
temperature,  as  well  as  the  nonuniformities  of  the  vibrationally  excited  molecules  and 
temperature  along  the  tube  GRT  length,  reducing  the  velocity  of  temperature 
perturbations  growth. 

On  the  other  hand,  the  sluggishness  of  heat  release  in  the  active  medium  becomes 
an  important  factor  stabilizing  the  discharge.  The  threshold  value  of  the  specific  powei 
input  W,  from  which  the  ionisation/thermal  instability  begins  to  de’^elop  and, 
respectively,  the  small-scale  casual  nonuniformities  of  the  gas  refraction  index  are 
enhanced,  is  directly  dependent  on  its  basic  parameters.  The  dependence  of  the  therimil 
instability  tlireshold  and  the  time  of  its  development  on  laser  radiation  intensities  :s 
essential. 


Taken  alone,  the  threshold  condition  of  thennal  instability  emergence  follows  from 
(17)  a2bi>a]b2.  Hence  we  have 


(y.+yJ 
~r\ii  +  Y)  Y, 


''ixr  4 
K  I  a  y 


a/j  CO  3 

CppT  (Oo 


4 


o 


(Y.+Y« 


1  + 


r2o  4  ^ , 


0) 


8  _  2(r(0)-7;)zr 

/  a'  r(0)  / 


(20) 


For  example,  at  ?r  =  154  m/s,  /  =  18.5  cm  ,  T  =  500^/C,  CO2:N2:He=l:6:10, 


60  cm"/s,  p=3.10''  g/cm^  -300  wW,  ^3=0.8  cm,  a  =  aj{\  +  I  /  /,),  =  1 

ro=320®K,  77=0.85,  Y  MO,  r2=  2-10''’  s'^  and  J=0,  the  relation  (20)  is  fulfilled  at 
TifF»39  W/cm^,  and  in  the  field  of  intense  laser  radiation,  when,  for  example  J=3J;  , 
the  threshold  of  thermal  instability  decreases  and  becomes  rjlf*w25  W/cnr\ 

The  heat  release  velocity  depends  on  the  intensity  of  laser  radiation.  Thus,  Ha 
laser  radiation  in  the  vibrationally  excited  laser  mixture  has  a  decreasing  ijffect  upcn 
tire  threshold  value  of  the  power  input  in  the  discharge  with  thermal  ir.  stability. 

Though  tlie  obtained  formula  (17)  is  approximate,  it  gives  a  full  enough  idea  of  the 
character  and  the  degree  of  dependence  of  thermal  instability  emergence  condition  and 
development  velocity  and,  respectively,  density  perturbations  on  the  basic  parameters 
of  the  laser  medium  and  the  laser  radiation.  In  this  connection,  we  should  note  that  on 
studying  tlie  thermal  instability  of  glow  discharge  in  the  laser  mixture  the  final  time  (*f 
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VT-relaxation  of  vibrationally  excited  CO2  molecules  of  the  laser  mixture  must  be 
taken  into  account.  A  deviation  from  this  requirement,  as  it  was  done  in  [4],  where  the 
pulsed  impulse  laser  with  e-beam  controlled  discharge  in  approximation  of  fast  VI  - 
relaxation  was  considered,  leads  to  large  quantitative  errors. 

In  discharge  instability  the  initial  density  perturbations  amplify  in  laser  mixtme 
flow  through  discharge  area  <  5p  >=<  5po  >  QXp(yU  /  x)  ,  and  initial  fluctuations 
<  gpg  >  are  often  caused  by  gas  flow  turbulence  at  the  entrance  of  the  discharge 
tube. 


3.  Small-scale  optical  nonuniformities,  related  to 
turbulence  of  active  medium  gas  flow. 

The  pulsings  of  the  turbulent  gas  flow  density  in  the  high-power  CO2  laser  can  b;^ 
considered  as  the  initial  perturbations  under  the  gas  discharge  thermal  instability.  With 
the  steady-state  discharge  the  turbulence  determines  the  small-scale  optical 
nonuniformities  of  the  laser  medium  and  governs  the  effectiveness  of  turbulent 
diffusion  and  thermal  diffusivity,  which,  in  their  turn,  influence  the  threshold  values  of 
the  specific  power  input  into  the  discharge.  For  these  reasons,  the  following  turbulent 
characteristics  of  the  flow  of  the  thermodynamically  non-equilibrium  gas  become 
important:  the  root-mean-square  values  of  densiy  pulsations 

5p  =  Ap^  and  their  spatial  scale  /.  To  measure  these  parameteis,  we  used 

the  luminescence  method  allowing  to  fix  the  spatial  distribution  of  electrons  density 
and  the  related  gas  density  [5].  The  experiments  were  performed  on  the  FAl'  CO2  las^r 
with  600  W  output  power  [6]. 

As  a  registrating  device,  we  used  an  optron  with  an  open  optical  path.  The  optron 
contains  two  silicon  photodiodes,  each  of  them  having  the  working  area  ol  1.25x1.25 
mm  size;  they  are  placed  at  a  distance  of  3.5  mm  (center  to  center)  apart.  Betwee.i 
them  an  AsGa  light-emitting  diode  is  placed,  which  is  used  only  for  the  n  easurement 
system  adjustment.  The  spectral  sensitivity  of  photodiodes  lies  in  the  range  of  the 
registered  light  wavelengths  from  430  to  960  nm  with  a  sharp  collapse  at  the  edges  of 
the  spectral  range.  The  sensitivity  at  the  wavelength  800  nm  is  350-400  pA/mW.  'No 
spectroscopic  measurements  of  the  discharge  luminescence  were  carried  out.  It  .s 
known,  that  in  this  spectral  range  the  lines  of  luminescence  of  the  CO)  laser  gas 
discharge  are  the  most  intensive  [7],  they  correspond  to  the  electron  transitions  of  >[2 
molecules  (2  positive  bands),  CO  molecules  (3  positive  bands)  and  the  ba  ids  of  a  y- 
system  of  NO.  The  scheme  of  the  experimental  setup  is  presented  in  F.g.  1.  The  flux  of 
light,  emitted  by  a  local  area  of  the  positive  column  of  the  discharge,  was  measured  in 
the  direction  perpendicular  to  the  flux  direction.  For  this  purpose,  an  optic  il  lens  was 
set  between  the  transmitter  and  the  GDT.  The  GDT  was  made  from  malybdenuni 
glass. 

The  electrical  current  from  each  of  the  photodiodes  was  amplified  by  ar  individm  1 
amplifier  operated  by  the  scheme  "current-controlled  voltage  supply",  then  the  signals 
were  sent  through  the  block  of  normalizing  amplifiers  and  the  filtration  block  to  one  of 
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the  cliannels  of  the  data  acquisition  and  processing  system  (DAS).  The  special 
attention  was  given  to  joining  the  common,  ground  and  shield  wires. 

The  laser  was  operating  in  the  pulse-periodic  pump  mode.  The  pump  pulse 
duration  was  1,66  ms  with  pulse  repetition  rate  2,1  ms  at  the  specific  power  input  11 
W/cm^.  The  velocity  of  gas  flow  was  140  m/s  (the  flow  rate  36  1/s). 

The  analog  filtration  of  the  signals  with  the  help  of  low-frequency  4th  order  Bessel 
filters  was  perfonned  during  measurements  of  gas  density  fluctuations  and  their  spatial 
scales  in  the  gas  flow.  The  frequency  of  the  filter  section  was  tuned  to  the  value  80  kHz 
on  the  level  -6  dB.  The  discreteness  of  signal  sampling  in  each  of  the  channels  was  8 
ps.  The  time  of  sampling  was  from  1.3  to  3  ps  for  12-digit  reading.  The  total  numbcii 
of  readings  reached  2^"*  per  channel.  In  the  some  measurements  the  signals, 
proportional  to  the  GDT  current  and  laser  power  moved  to  the  DAS  in  addition  to  the 
signals  from  tlie  photodetector  (in  the  case,  when  the  optical  resonator  was  alignment). 
In  this  case  the  frequency  of  sampling  and  the  total  volume  of  references  were  reduced 
by  half 

The  equipment  employed  performs  the  signal  measurements  in  thi^  frequency  band 
up  to  y^=l/(2*8ps)=62.5  kHz,  i.e.  the  frequency  band  in  lllimited  from  above  by  the 
time  of  signal  sampling.  This  allows  to  identify  a  space  scale  of  the  fluctuations 
v^=1.4- 10"*  cm/s/62.5  kHz=  2.3  mm.  At  the  specified  magnificaticn  of  the  opticrl 
system  -1  the  size  of  the  area  that  gives  the  converged  light  to  the  photodetector  is 
close  to  the  size  of  the  photodiode.  Our  estimations  show  that  this  space  resolution  is 
quite  sufficient  to  define  the  gas  density  turbulent  pulsations  spectrum,  as  its  spatial 
scale  can  be  evaluated  as  lo-d-Re  /  Re^l  mm,  and  the  lifetime  of  turbulent  spac  e 
fluctuations  exceeds  the  observation  time  to  the  extent  that  the  ergod  .city  condition  of 
the  observable  casual  processes  is  satisfied.  Here  d  is  the  GDT  diameter.  Re*  and  P.c 
are  the  critical  and  actual  values  of  the  Reynolds  number.  Only  two  channels  connecte  d 
to  the  photodiodes  were  used  to  extend  the  frequency  band.  In  this  case  at  ti  e 
continuous  entry  2^''*8  ms=131072  ms  the  resolution  of  the  frequenc>  spectrum  of  tl  e 
digital  spectrum  analyzer  was  about  8  Hz. 

As  the  result,  the  spectral  analysis  of  the  registered  signals  was  used  to  determine 
the  distribution  of  the  root-mean-square  deviations  of  the  gas  densify  6p  and, 
respectively,  the  root-mean-square  pulsings  of  the  flow  velocity  5V  depenc*ing  on  the 
spatial  scale  of  perturbation  /.  The  measured  values  of  5p  as  the  functions  of  /  for 
different  values  of  the  specific  power  of  energy  input  in  the  presences  of  radiation  are 
given  in  Fig.  2.  Fig.  3  illustrates  the  same  values  in  the  absence  of  radiation. 

The  recalculation  of  the  frequency  scale  to  the  spatial  one  was  carried  out  in  the? 
tenns  of  the  gas  velocity  growth  with  the  specific  energy  input  and,  respectively,  the 
radiation  intensity.  It  is  clear  that  the  distribution  adheres  to  the  law  “2/3”  of  Obukho\'- 
Kholmogorov  [8]  at  />/o.  The  natural  growth  of  the  gas  density  pulsings  is  observed 
(Figs.  2,3)  with  the  increase  of  the  specific  energy  input  power  and  the  laser  radiation 
intensity.  It  is  explained  by  the  increase  of  pulse-periodic  heat  release  rate  being  the 
primary  source  of  gas  density  perturbations. 

The  obtained  data  on  the  fluctuation  perfonnances  of  the  active  med  um  of  ti  e 
pulse-periodic  fast-axial-flow  600  W  CO2  laser  medium  with  self-su5tained  dc 
discharge  pennit  to  evaluate  the  stochastic  optical  path  difference  for  a  single  pass 
through  the  amplifying  medium.  It  is  about  0.02X  (X=10.6  pm)  at  the  spatial  scale  of 
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Figure  2.  The  root-mean-square  deviations  dependence  tlie  on  spatial  scale  of  turbulence  nonu  lifonnities 
at  various  power  input  without  radiation. 


Fig;ure  3  .  Tlie  root-mean-square  deviations  dependence  on  the  spatial  scale  of  turbulence  nonun  ifonnities  I 
at  various  power  input  with  radiation. 


299 


the  refraction  index  pulsation  about  1  cm  for  the  case  of  L=1.5  m  acth  e  medimii 
optical  path  and  power  input  20  W/cm^. 

Thus,  the  small-scale  optical  nonuniformities  related  to  the  pulsations  of  gi.s 
density  in  the  high-power  pulse-periodic  low-pressure  CO2  lasers  can  iniluence  the 
generated  beam  quality  and  thereby  determine  the  limiting  values  ol'  radiation 
brightness  in  the  gas  lasers  which  do  not  use  the  optical  systems  of  phast  distortion 
compensation  on  the  basis  of  wavefront  conjugation. 


4.  Conclusion 

In  the  gas  discharge  of  the  high-power  fast-axial-flow  CO2  laser  the  initial 
turbulent  perturbations  of  the  gas  density  are  enhanced  under  the  developed  thennal 
instability  conditions  at  the  case  of  glow  discharge  energy.  The  intense  laser  radiation 
therewith  causes  the  reduction  of  the  ionization/thermal  instability  emergence 
threshold  and  promotes  to  the  growth  of  the  evolution  rate  of  the  gas  density  initial 
pulsations  at  the  GDT  entrance  in  time.  Under  the  condition  of  the  stable  discharge  in 
the  pulse-periodic  CO2  laser,  the  small-scale  optical  nonuniformities  originating  due  to 
the  turbulent  pulsation  of  gas  density  may  deteriorate  the  beam  quality  at  the  average 
radiation  power  of  several  hundreds  watts  and  more. 
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SYNTHESIS  OF  INTERFEROGRAMS  BY  LATERAL  SHEAR 
TO  MEASURE  WAVE  FRONT  OF  A  LIGHT  BEAM. 


V.N.  SHEKHTMAN 
Engineering-Physics  Laboratory 
StPetersburgy  Russia 


Abstracts 


Interferometric  analyzer  of  the  wave  front  based  only  on  lateral  shear  operations  has 
maximum  vibration  resistance.  However  synthesis  of  a  fiinge  patterns  by  only  lateral 
shear  leads,  of  course,  to  some  loss  of  information  about  wavefront  form.  But  this  loss 
may  cause  only  linear  transformation  of  real  form  acting  as  an  “optical  wedge”.  In 
many  practical  cases  it  is  essensial  to  reconstruct  only  wavefront  figure  and  its  total  tilt 
is  of  little  practical  interest. 

Nomenclature 


IF,  h{x)  -interferometric  function 

9(jc)  -function  of  spatial  distribution  of  a  wavefront  phase 
S  -size  of  lateral  shear  of  identical  wavefronts 

9i(x)  -function  of  spatial  distribution  of  a  wavefront  phase 
moved  from  9(x)  at  a  distance  S 
AWF  -analyzer  of  wave  front 

oo:  -linear  component  (p(x) 

(p~(x)  -variable  component  (p(x) 

A//d  -break  IF  in  a  point  D 

a  D  -general  inclination  of  measured  wavefront 

Si  -shear  on  a  (OD)  part  of  the  interferogram  in  a  case  optical 

synthesizing  IF  or  shear  on  first  interferogram  in  the  case 
of  numerical  synthesizing  IF 

5*2  -shear  on  a  (D,  P+S))  part  of  the  interferogram  in  the  case 

of  optical  synthesizing  IF  or  shear  on  second 
interferogram  at  numerical  synthesizing 
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1.  Introduction. 


In  the  report  [1]  the  analysis  of  loss  of  the  information  about  the  form  of  a  light  beam 
front  measured  by  various  shear  interferometers  has  been  submitted,  there  is  offered 
the  method  of  compensatiom  for  these  losses  and  thereby  the  method  of  complete 
reconstruction  of  wavefront  by  using  of  "synthesized”  shear  interferogram.  This 
method  is  one  of  many  possible  variants  of  such  synthesizing  for  complete  or  sufficient 
reconstruction  of  wave  front.  Synthesizing  interferometric  function  (IF)  is  more  correct 
and  universal  name  for  all  these  methods  of  wavefront  reconstruction.  IF  describes  a 
path  difference  of  two  interfering  light  beams  depending  on  spatial  coordinates  at  the 
plane  of  interference.  For  obtaining  IF  of  the  wavefront  being  reconstructed,  can  be 
various  shear  interferograms  (interferograms  of  lateral,  radial,  rotary,  reversal  shear 
and  etc.)  used,  several  shear  interferograms  altogether  and  their  separate  sites. 
Submitted  in  [I]  a  fringe  pattern  is  an  example  of  optical  synthesizing.  In  this  case  one 
interferogram  is  obtained,  the  various  sites  of  which  are  interferograms  of  lateral  or 
reversal  shear  of  different  parts  of  the  aperture.  Using  such  a  interferogram  it  is 
possible  to  define  IF  on  the  entire  image  of  a  subject  coinciding  to  the  plane  of 
interference,  and  completeness  of  reconstruction  of  wavefronts  will  be  limited  only  by 
the  resolution  of  optical  system.  Instead  of  this  interferogram  may  be  obtained  three 
corresponding  to  it  fringe  patterns  (two  of  a  reversal  and  one  of  a  lateral  shifts)  and 
carried  out  reconstruction  of  the  wavefront  by  computer  sinthesizing  of  IF,  i.e.  by 
numerical  sinthesizing. 

The  choice  of  a  way  of  the  sinthesizing  and  of  a  fringe  pattern  view  depends  on 
necessary  completeness  of  reconstruction  of  wavefront  and  technical  opportunities  of 
realization  of  interferometric  systems. 

In  [I]  the  interferometric  s>'stem  (more  correct:  the  analyzer  of  wavefront  (AWF)) 
consists  of  three  interferometers  (cascades  AWF).  In  fig.l  for  the  variant  of  the 
analyzer  described  in  [1],  the  section  of  a  wave  front  at  the  plane,  determined  by 
directions  of  belong  lateral  shear  and  propagation  of  a  light  beam  is  conditionally 
exhibited.  (O,  D)  is  the  size  of  the  aperture,  on  which  the  wave  front  is  investigated.  In 
the  first  cascade  limited  by  the  rectangular  aperture  two  mutually  reversal  images  of  a 
subject  ((O,  D)  and  (A  2D)  corresponted  them)  are  shifted  at  one  image  give.  For  the 
second  cascade  the  image  plane  first  is  the  one  the  plane  of  a  subject.  In  this  plane  the 
spatial  change  of  a  phase  in  the  direction  of  shear  looks  like  an  even  function  relative 
to  the  border  D  of  two  reversal  images.  These  two  images  after  the  second  cascade 
represent  one  new  image  (O,  2D),  In  the  second  cascade  relative  lateral  shear  of  two 
new  images  obtained  from  (O,  2D)  on  size  of  this  image  is  realized.  We  thus  have  the 
image  {-2D,  2D\  to  which  correspond  two  periods  of  "infinite"  periodic  function  (p(x). 
In  the  third  cascade  relative  lateral  shear  S  of  the  images,  obtained  from  the  image 
{-2D,  2D),  is  realized.  In  result  interference  of  wavefronts  at  the  aperture  {-2D-^S,  2D), 
we  receive  more  than  one  period  of  the  "infinite"  periodic  IF,  h(x)=<^{x)-<^x{x). 
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Figure  1 


Practical  realization  of  the  method,  described  in  [1],  includes  the  cascade  AWF 
carrying  out  reversing  operation  of  the  image  of  a  subject.  The  result  of  use  of  this 
cascade  is  partial  loss  of  vibration  resistance  of  the  whole  device,  and  in  the  case  of 
realization  of  measurements  outside  of  laboratories  the  loss  of  contrast  of  the  fringe 
pattern  is  possible  on  sites  (-A-^+5),  (O,  S)  and  (D,  D+S).  The  reduction  of  contrast 
on  these  sites  depends  on  the  width  of  interference  fringe  and  its  interference  order. 
The  probability  of  reduction  of  contrast  is  increased  for  that  fringe  between  which  and 
the  zero  order  fringe  is  the  greater  number  of  interference  fringes.  Therefore  for 
creation  of  AWF  synthesizing  the  interference  pattern  intended  for  work  outside  of  a 
laboratory  sometimes  it  is  useful  to  exclude  the  cascade  of  reversing  and  to  keep  only 
operations  of  lateral  shear. 


2.  Information  contained  in  IF  synthesized  with  use  only  inteiferograms 
of  lateral  shear. 


Interferometric  AWF  based  only  on  lateral  shear  operations  has  maximum  vibration 
resistance.  However,  such  a  way  of  synthesizing  of  IF  results  in  some  loss  of  the 
information  about  wavefront.  We  shall  further  show  that  in  the  case  of  reconstruction 
of  wavefront  with  the  use  of  synthesizing  of  IF  only  by  lateral  shear  interferograms  the 
loss  of  the  information  represents  linear  function,  i.e.  optical  wedge. 

The  operations,  carried  out  with  the  use  of  lateral  shear  AWF  are  shown  on  fig.2. 
Optical  synthesizing  for  presentation  we  execute  with  the  help  of  two  lateral  shear 
cascades.  The  size  of  the  aperture  of  the  investigated  wavefront  in  a  direction  of  shear 
of  the  images  is  (OD).  In  the  first  cascade  the  shear  is  equal  to  the  aperture.  At  the 
plane  of  the  image  of  the  second  cascade  the  size  of  shear  is  usually  less  than  half  of 
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researched  aperture,  and  the  "infinite"  periodic  IF  function  can  have  breaks  in 
coordinate  points  nD  and  nD-^S,  where  /i  =  These  breaks  are  determined  by 

a  comer  between  the  optical  axis  of  the  device  and  direction  of  a  light  beam.  For 
definition  of  information  losses  created  by  breaks  of  function  h(x)  we  shall  present  (|)(x) 
by  a  sum  of  linear  function  ax  and  variable  component  9“'(x). 

=  <f(x)  +  OCX  (1) 

For  reconstruction  of  a  wave  front  the  function  h(x)  should  be  determined  on  a 
segment  [5'.(D+5)].  Using  (1)  we  shall  present  h(x)  for  each  of  two  segments  [SD]  and 
[D,(D+S)]  of  a  segment  [5’,(£)+5)].  Taking  into  account  that  similarly  to  <pi(x)=<p(x-5), 
9r(x)=(p~(x-iS),  we  shall  have  for  a  segment 

=  <p'"(x)  +  OCX  -  (p~(^-5)  -  a  (x-5)  or: 

^(D-o)W  =  (f(x)  -  (f{x-S)  ^aS  (2), 

where  aS  is  unknown  constant  appropriate  to  displacement  the  fringe  pattern  in 
interferogram  in  a  point  S. 

Respectively,  for  a  piece  [Z>,  (D+S)]  we  have 

^(i>k))M  =  (f(x-D)  +a  (x-D)  -<p~(x-5)  -a  (x-5),  or: 

h(j>^)(x)  =  (p~(x-D)  -  9~(x-5)  +  a  (-D+S)  (3) 

Subtracting  (3)  from  (2)  we  receive  expression  (4)  from  which  can  be  seen  that  the 
break  h(x)  in  a  point  D  depends  only  on  a  general  inclination  of  the  wavefront: 


h(D^)(x)  -  /?(rHO)W  =  AAd  =  a  D  (4). 

For  compensation  for  the  information  loss  about  an  inclination  of  the  wavefront  it 
is  possible  to  offer  several  ways  of  its  measurement  simultaneously  with  use 
synthesizing  of  IF  with  the  use  only  of  operations  of  lateral  shear.  For  example  the 
interferometric  gauge  based  on  properties  of  the  variable  shear  interferometer 
described  in  [2]  or  reversal  interferometer  and  etc. 


3.  Numerical  synthesizing  IF. 


In  the  present  paragraph  we  shall  note  one  important  difference  between  a  method  of 
numerical  and  optical  synthesizing  IF  with  the  use  of  a  lateral  shear  fringe  pattern. 
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In  fig.2  is  seen  that  it  is  enough  for  optical  synthesizing  of  the  "infinite”  IF  to  use 
two  parts  of  the  interferogram.  In  spite  of  the  fact  that  the  last  ones  are  carried  out  by 
one  installation  of  shear  S  fringe  pattern  consisting  of  two  periods  can  be  presented  as 
two  lateral  shear  interferograms.  The  ratio  S1/S2  according  to  [I]  should  not  be 
multiple.  In  fig.2  is  easily  seen  the  value  of  sum  and  S2.  As  Si=S,  -5'2=  ~D-i-S.  (sign 
(-)  before  S2  means  that  the  vectors  Si  and  S2  are  oppositely  directed: 

Si +82=  size  of  the  aperture  =  (OD)  (5) 

In  the  case  of  numerical  synthesizing  IF  with  the  use  of  two  separate  lateral  shear 
interferograms,  fulfilment  of  a  condition  (5)  results  in  the  greatest  accuracy  and  least 
complexity  of  reconstruction  of  wavefront.  It  is  clear  that  at  S]  +  S2>  (OD)  the  loss  of 
the  information  takes  place  the  reason  of  which  is  discrepancy  of  a  range  of  definition 
(p(x)  and  h(x).  If  Si  +S2<  (OD),  the  reconstruction  of  a  wave  front  is  possible.  For  this 
purpose  it  is  necessary  to  choose  a  site  of  interferogram  equal  to  a  sum  Si  +  S2.  It  is 
uneasy  to  see  that  on  this  site  the  condition  (5)  is  carried  out.  We  shall  show  that  after 
fulfilment  of  reconstruction  of  a  v^avefront  on  a  chosen  site  it  is  probable  to  carry  out 
the  reconstruction  of  a  wave  front  completely. 


Figure  3 
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In  fig.3  the  section  of  moved  wavefronts  is  conditionally  shown.  We  shall  assume 
that  reconstruction  of  a  wavefront  is  carried  on  a  site  (CXC+nS)),  where  C  is 
coordinate  x,  «=  and  .S'  is  equal  to  the  smallest  of  two  or  S2.  Using  the 

theorem  of  shift  for  Fourier  transform  and  expression  /?(x)-9(x)-(p(x-5)  we  shall  write 
down  connection  between  spatial  spectra  9(x)  of  any  two  near  by  sites  and  the  spatial 
spectrum  /7(x)one  of  them: 


c-{n-2)S  c-(n-\)S  c-(n-2)5 

J  <pix)e~'^’''°‘dx  =  J  +  J  dx 

c-(n-l)5  c~nS  c-in-\)S 


(6) 


where  «  =  ..  “1;  0;  1;.... 

With  the  help  of  consecutive  substitution  of  expressions  (6)  in  (6),  written  down  for 
a  site,  for  example,  (C,(C+S)),  /?=!,  we  obtain  expression  (7). 


c+S 


J  (pix)e  '^'^dx  =  e 


c-in-2}S 


-ilnvSn 


J  <p{x)e-‘^’^dx  +  Y,e-‘^’^^  j  h(x)e-'^’^  dx 

(7) 


c~nS 


>=0 


c—jS 


where n  =  ...-l;0;l;..,y  =  -(/?-!);  ...-1;0;L..  («  +  1). 


Expression  (7)  demonstrates  that  on  a  site  (C,(C+5))  it  is  possible  to  reconstruct 
wavefront,  if  the  last  is  known  on  any  other  site  of  the  aperture,  equal  to  S.  In  the 
present  case  C  is  current  coordinate,  hence  it  is  possible  to  carry  out  reconstruction  of 
the  wavefront  form  on  the  whole  aperture. 


4.  The  conclusion. 


The  offered  method  of  reconstruction  of  the  wavefront  form  by  the  use  of  synthesizing 
interferometric  function  obtained  from  lateral  shear  fringe  pattern  allows  one  to  realize 
simple  and  the  most  vibration  proof  interferometric  analyzer  of  a  wavefront  of  a  light 
beam.  The  loss  of  the  information  about  a  general  inclination  of  the  wavefront  is  not 
important  for  many  practical  problems.  In  the  case  of  realization  of  the  offered  method 
this  loss  is  easily  compensated  by  simultaneous  use  of  the  mentioned  above  gauges  of 
general  wavefront  inclination. 
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1.  Introduction 

Currently,  lasers  are  gaining  wide  use  in  technological  processing  of  materials.  The 
laser  beam  proved  to  be  helpful  for  such  technological  operations  as  cutting,  welding, 
scribing,  hardening,  marking  and  so  on.  Here  are  two  examples  of  successful  use  of  the 
laser  beam’s  unique  features.  Materials,  that  cannot  be  welded  by  any  other  method, 
appear  to  be  easily  joined  by  laser  welding.  The  laser-produced  juncture  is  much 
stronger  than  the  material  itself  When  using  a  laser  source  for  technological  purposes, 
the  beam,  in  most  cases,  needs  to  be  focused.  For  this  reason,  important  parameters  of 
the  laser  output  emission  are  the  beam  divergence  and  jitter,  which  are  determined  by 
architecture  and  parameters  of  the  laser  optical  scheme,  by  optical  distortions  arising 
in  the  optical  beam  path,  and  by  vibrations  of  elements  of  the  optical  scheme. 

This  paper  is  devoted  to  some  resonators  which  can  be  promising  for  using  in 
technological  lasers.  Each  of  these  resonators  allows  one  to  significantly  improve 
laser's  performance.  This  implies  reduction  of  either  beam  divergence,  or  jitter,  and 
improvement  output  power  stability.  This  can,  in  turn,  to  lower  the  prices  of  the 
relevant  laser  technologies. 

We  will  consider  multi-element  resonators  for  high-precision  technological 
lasers.  Special  attention  will  be  paid  to  a  resonator  with  the  so-called  ”cat-eye" 
reflector,  to  a  resonator  designed  for  high-power  solid-state  technological  laser  and 
characterized  by  strong  thermal  lens-wise  distortion  of  its  active  medium,  and  to  a 
resonator  for  the  multi-chamber  laser. 

The  first  and  the  second  types  of  the  resonators  have  been  studied 
experimentally  and  showed  the  unique  features  predicted  theoretically.  The  resonator 
with  the  "cat-eye"-type  reflector  exhibited,  as  expected,  a  very  low  sensitivity  to  the 
wedge-like  optical  distortions.  The  laser  with  such  a  resonator  showed  a  high  stability 
both  of  the  output  power  and  of  the  direction  of  the  beam  characterized,  in  addition,  by 
the  divergence  close  to  the  diffraction  limit.  The  second  of  the  above  resonators 
allowed  us  to  obtain,  without  using  phase  conjugation  technique,  a  high  brightness  of 
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technological  solid-state  laser  emission  in  the  presence  of  strong  thermal  lenses 
induced  in  the  active  rods. 

We  also  discuss  in  this  paper  an  optical  scheme  of  the  laser  robot,  whose 
movable  "arm"  emits  radiation  of  a  fixed  angular  direction  with  respect  to  the  robot's 
"arm"  end,  while  its  position  in  space  is  changing. 


2.  Resonator  with  the  "cat-eye"-type  reflector. 

2.1.  THE  "CAT-EYE"-TYPE  REFLECTOR 

The  "cat-eye"-type  (CE)  reflector  is  successfully  used  by  physicists  in  their  experiments 
since  fairly  long  ago.  Suffice  it  to  recall  the  first  classical  experiments  of  the  French 
physicist  Armand  Hippolyte  Louis  Fizeau  made  in  1849  aimed  at  measurements  of 
velocity  of  light,  where  the  simplest  version  of  the  CE-reflector  comprised  a  lens  and  a 
flat  mirror  was  positioned  at  a  distance  of  about  8  km  from  the  laboratory  and  was  used 
for  accurate  retro-reflection  of  the  light  beam  [1].  Schematic  of  such  a  reflector  and  its 
principal  properties  can  be  found  in  [2].  The  wavefront  aberrations  of  a  beam  caused 
by  its  reflection  from  the  CE-reflector  are  now  studied  fairly  well  (see,  e.g,,  the 
discussion  in  [3-6]). 


Figure  1.  Schematic  of  a  «cat-eye»  type  reflector. 
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Unlike  Burch  [2],  we  will  consider  a  modified  version  of  the  CE-reflector 
comprising  a  focusing  lens  and  a  concave  spherical  mirror  (Fig.  1).  In  the  simplest 
version  of  this  configuration,  the  spherical  mirror  is  chosen  so  that  its  center  of 
curvature  coincides  with  the  center  of  the  lens,  i.e.,  R  =  /,  where  R  is  the  radius  of  the 
spherical  mirror  and  /  is  the  base  length  of  the  reflector.  In  this  case,  the  entrance 
plane  of  the  reflector,  where  the  lens  with  the  focal  length  F  is  positioned,  is  imaged 
onto  itself  re\'ersed  with  respect  to  the  center  of  the  lens.  The  light  beam  passing 
through  the  lens  is  focused  near  the  end  spherical  mirror.  After  being  reflected  from 
the  end  mirror,  the  beam  is  again  focused  by  the  lens  and  leaves  the  CE-reflector.  The 
main  feature  of  the  CE-reflector  is  that  the  light  beam  is  refleaed  exactly  backward. 
The  CE-reflector  behaves  as  a  phase-conjugation  mirror  for  the  first-order  aberrations, 
and  the  optical  matrix  of  such  a  reflector  is  given  (at  R  =  /  =  F)  by 


(1) 


Depending  on  the  ratio  of  the  curvature  of  the  spherical  mirror  R  and  the  focal 
length  F  of  the  lens,  the  CE-reflector  is  equivalent  to  a  flat  mirror  (Fig.  la),  to  a 
concave  spherical  mirror  (Fig.  lb),  or  to  a  convex  spherical  mirror.  The  curvature  Req 
of  the  equivalent  mirror  can  be  found  from  the  equation 
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The  optical  matrix  of  the  reflector,  in  this  case,  will  acquire  the  form 

(  ”1 

-1 

^  ^eq  > 
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It  is  noteworthy  that  the  term  "equivalent  mirror"  is  referred  to  the  mirror  which 
can  be  placed  in  the  entrance  plane  of  the  CE-reflector  and  whose  sign  and  magnitude 
of  the  radius  of  curvature  are  equal  to  R^q  specified  by  expression  (2).  For  total 
equivalence  of  such  a  mirror  to  the  CE-reflector,  it  should  have  possessed  the  property 
to  reflect  the  light  beam  exactly  backward,  rather  than  in  specular  direction,  and  to 
reverse  the  pattern  of  the  beam  intensity  distribution  with  respea  to  the  mirror’s  center. 
By  using  the  CE-type  reflector,  one  can  evidently  realize  a  resonator  of  any 
configuration  (flat,  stable,  or  unstable).  This  resonator  is  likely  to  be  insensitive  with 
respect  to  arbitrary  wedge-type  aberrations  in  the  laser’s  active  medium  and  to 
misalignment  or  vibrations  of  intermediate  deflecting  mirrors  in  the  resonator. 


2.2.  STABLE  RESONATOR  WITH  THE  "CAT-EYE" -TYPE  REFLECTOR 


We  will  consider,  for  brevity,  only  a  stable  resonator  with  the  CE-reflector,  although  its 
main  properties  can  refer  to  a  resonator  of  unstable  configuration.  (In  paper  by 
LB, Orlova  [7],  a  few  words  is  said  about  the  imstable  resonator  with  the  CE-reflector.) 
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Figure  2  shows  the  optical  schematic  of  the  proposed  resonator.  It  comprises  a 
flat  output  mirror,  a  lens,  and  an  end  concave  spherical  mirror,  the  two  latter 
constituting  the  CE-reflector.  The  aperture  diaphragm  of  the  resonator  is  placed  in  the 
entrance  plane  of  the  CE-reflector,  i.e.,  immediately  adjacent  to  the  lens.  It  is  clear  that 
the  size  D  of  the  diaphragm  and  the  length  L  of  the  main  part  of  the  resonator  allow 
one  to  choose  either  single-mode  or  multi-mode  regime  of  operation  of  the  laser  with 
such  a  resonator.  As  was  mentioned  above,  we  consider  for  simplicity  the  case  of  self¬ 
imaging  of  the  CE-reflector  entrance  plane.  For  this  reason,  when  there  is  no  aperture 
restrictions  inside  the  CE-reflector,  its  length  /  is  of  no  importance  in  the  choice  of  the 
single-  or  multi-mode  regime  of  operation. 


«CAT-EYE»  REFLECTOR 


R  =  / 


Figure  2.  A  resonator  with  a  «cat-eye»  type  reflector. 


The  output  beam  axis  of  the  laser  with  such  a  resonator  passes  through  the 
center  of  curvature  of  the  end  spherical  mirror  (i.e.,  through  the  center  of  the  lens)  and 
is  normal  to  the  surface  of  the  flat  output  mirror. 

The  unique  features  of  the  developed  resonator  are: 

—  compact  form  of  the  output  beam's  cross  section; 

—  simplicity  of  operation  in  its  fundamental  mode; 

—  diffraction-limited  divergence  (if  required); 

—  high  stability  of  the  output  power  against  vibrations; 

—  extremely  high  stability  of  the  output  beam  angular  position; 

—  controllable  polarization  of  the  output  beam. 

Consider  briefly  the  main  properties  mentioned  above. 
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2.3.  COMPARISON  OF  SENSITIVITY  TO  THE  WEDGE-LKE  ABERRATIONS 
AND  END-MIRROR  VIBRATIONS  OF  AN  ORDINARY  STABLE 
RESONATOR  AND  RESONATOR  WITH  THE  "CAT-EYE"  REFLECTOR 


The  main  feature  of  the  resonator  with  the  CE-reflector  is  its  low  sensitivity  to  the 
optical  wedge  arising  in  active  medium  of  the  laser.  In  the  absence  of  optical 
distortions,  the  beam  axis  passes  through  the  center  of  the  lens  and  is  directed  along 
the  normal  to  the  output  mirror  (see  in  Fig.2  solid  line,  or  in  Fig.3a  dotted  line). 


Figure  3.  Illustration  of  displacement  of  the  «cat-eye»  resonator  optical  axis 
in  the  presence  of  an  optical  wedge  in  the  laser  active  medium. 


Imagine  that  the  optical  wedge  has  arisen  in  the  active  medium,  being  localized 
at  the  distance  Li  from  the  lens  (Fig.  3a).  In  this  case,  the  axis  of  the  resonator  will 
appear  to  be  displaced  from  its  initial  position  but,  as  before,  will  pass  through  the 
center  of  the  lens  and  will  be  directed  along  the  normal  to  the  output  coupling  mirror. 
The  displacement  of  the  axis  AXi  is  equal  to  a  times  Li.  It  should  be  noted  that  the 
direction  of  the  laser  output  beam  is  the  same  in  both  cases  (Fig.  2  and  Fig.  3a)  and 
coincides  with  the  normal  to  the  output  mirror. 


317 


Computer  simulation  has  confirmed  this  situation.  Figure  3b  illustrates  two 
cases  of  laser  operation:  without  the  wedge  in  the  active  medium  and  with  the  wedge  of 
2.5  mrad.  In  the  presence  of  the  optical  wedge,  we  can  see  displacement  of  the  beam  in 
the  near  field,  while  the  light  intensity  far-field  distribution  is  the  same  in  both  cases. 

One  can  notice  that  sensitivity  to  the  same  optical  wedge  of  the  conventional 
stable  resonator  with  the  equivalent  end  mirror  is  higher  than  that  of  the  resonator  with 
the  CE-reflector. 

In  the  presence  of  the  wedge,  the  displacement  of  the  axis  for  the  conventional 
stable  resonator  AX2  equals  a  times  (Req-Li).  When  Req  is  greater  than  2Li,  the 
displacement  of  the  axis  in  the  conventional  resonator  appears  to  be  larger. 

AX2  >  AXi  (4) 

In  addition,  it  follows  from  these  results  that  when  the  wedge  is  located  near  the 
diaphragm,  the  displacement  of  the  axis  in  the  equivalent  resonator  is  the  greatest, 
whereas  the  resonator  with  the  CE-reflector  shows  no  displacement  of  the  axis  at  all. 
The  similar  situation  arises  if  we  consider  the  effect  of  misalignment  or  vibrations  of 
the  end  spherical  mirror  (Fig.5).  At  the  tilt  of  each  end  mirror  by  the  angle  P,  the 
displacement  of  the  axis  AYi  in  the  CE-resonator  is  p  times  R,  while  in  the 
conventional  one  AY2  is  p  times  Req.  Since  Req  is  greater  than  R,  we  obtain  that  the 
resonator  under  consideration  is  less  sensitive  to  misalignments  of  the  end  mirror. 

AY2  >  AYi  (5) 

All  said  above  means  as  follows: 

—  the  resonator  with  the  CE-reflector  has  low  sensitivity  to  any 
optical  wedge  in  its  active  medium  or  to  vibrations  of  intermediate 
mirrors  (if  any); 

—  the  resonator  with  the  CE-reflector  is  less  sensitive  to  vibrations 
of  the  end  spherical  mirror; 

—  it  is  easier  to  realize  the  single-mode  regime  of  lasing  in  stable 
resonator  with  the  CE-reflector. 

2.4.  EXPERIMENTAL  RESULTS 

Before  proceeding  to  experimental  confirmation  of  performance  of  the  CE-reflector 
resonator,  I  will  make  a  remark  based  on  expertise  of  lasers  with  high-quality  output 
beams.  Several  years  ago,  we  studied  the  phase  conjugation  effect  for  output  emission 
of  the  repetitively-pulsed  C02-laser  [8].  In  that  case,  we  used  the  four-wave  mixing 
process.  As  is  known,  a  very  good  master  oscillator,  as  a  source  of  the  pump  beams,  is 
needed  for  this  method  [9].  We  tested  a  large  number  of  resonators'  configurations  for 
the  master  oscillator  suitable  for  these  experiments,  and  the  resonator  with  the  CE- 
reflector  appeared  to  be  the  best  one. 

Figure  6  shows  the  far-field  intensity  distribution  for  lasers  with  a  conventional 
resonator  and  with  that  of  the  CE-reflector  type.  Vibrations  of  optical  elements,  in  case 
of  conventional  resonator,  can  sometimes  produce  oscillation  of  the  beam's  axis 
direction  or  disrupt  the  lasing  (by  reason  of  beam  vignetting).  On  the  contrary,  the 
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Figure  6.  Experimental  investigation  * 
of  the  far-field  distribution  of  radiation  * 

of  a  repetitively  pulsed  laser  with  the  ^ 
«caT.-eye»  resonator. 
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Figure  7.  Experimental  comparison  of  output  power  stability  of  CW  laser  with  either  the  «cat-eye»  resonator  or 
the  equivalent  stable  resonator,  depending  on  misalignment  angle  of  the  intermediate  flat  mirror. 
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laser  with  the  CE-reflector  can  perfectly  operate  in  the  same  conditions  with  the 
diffraction-limited  divergence  of  the  beam. 

Within  the  framework  of  a  special  test  with  a  CW  C02-laser  [10],  we  have 
carried  out  experimental  comparison  of  two  resonators  (conventional  and  CE 
resonators)  operating  in  a  single-mode  regime  (see  Fig.  7).  Misalignments  of  the 
deflecting  mirror  imitated  optical  wedge  in  the  active  medium.  During  the 
experiments,  we  measured  the  output  power  of  the  laser.  It  turned  out  that,  in  the 
presence  of  the  wedge  in  the  active  medium,  when  there  is  no  lasing  in  conventional 
resonator,  the  output  power  of  the  laser  with  the  CE-resonator  decreases  only  by  10  %. 

Thus,  even  in  conditions  of  vibrations  or  wedge-like  aberrations  in  the  active 
medium,  the  laser  with  the  CE-resonator  is  characterized  by  sub-diffraction  stability  of 
the  lasing  axis  position  and  high  stability  of  the  output  power. 

The  main  problem  of  operation  of  the  developed  resonator  in  lasers  with  high 
average  power  is  related  to  concentration  of  the  light  energy  in  close  vicinity  of  the  end 
mirror  of  the  CE-reflector.  At  present,  there  are  several  solutions  of  this  problem.  For 
example,  it  is  possible  to  use  conic  optics  for  the  CE-reflector  (Fig.  8).  In  this  case,  the 
beam  is  focused  into  a  circular  line  of  large  area,  and  the  radiative  load  drastically 
decreases  [11]. 


Figure  8.  Schematic  of  the  «cat-eye»  reflector 
with  the  use  of  an  axicon. 

Unfortunately,  the  conic  optics  is  to  be  manufactured  with  extremely  high 
accuracy,  and  for  this  reason  such  elements  appear  to  be  veiy  expensive.  In  addition, 
the  angle  of  view  of  such  a  CE-reflector  is  not  large,  which  imposes  severe  restrictions 
upon  the  values  of  the  tilts  of  the  input  beam.  But  it  looks  like  there  is  no  fundamental 
limitations  for  the  use  of  the  CE-resonator  in  lasers  with  high  average  power  and  this 
technical  problem  will  be  eventually  solved. 

2.5.  OPTICAL  SCHEME  OF  THE  LASER  ROBOT 

The  resonator  with  the  CE-reflector  makes  it  possible  not  only  to  improve  performance 
of  laser  heads,  but  also  to  change  the  appearance  of  existing  laser  technological 
complexes.  In  the  development  of  these  complexes,  there  is  a  trend  to  manufacture 
separately  the  main  elements  of  the  laser  technological  system.  One  company  produces 
lasers,  the  other  produces  beam  deliveiy  channels  or  mechanics  for  a  workpiece  under 
processing.  In  this  case,  the  quality  and  accuracy  of  the  workpiece  processing  are 
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determined  by  perfection  of  each  part  of  the  laser  technological  system  and  is, 
therefore,  very  expensive. 

In  Fig.  9,  one  can  see  the  suggested  optical  scheme  of  the  laser  robot.  The 
delivery  chaimel  is  included  into  the  resonator.  The  output  mirror  of  the  resonator  is 
placed  at  the  end  of  the  delivery  charmel.  The  delivery  charmel  itself  is  designed  as  a 
mobile,  flexible  arm  of  the  laser  robot.  In  the  picture,  a  possible  design  of  optical 
articulations  is  shown.  Its  operation  can  be  explained  as  follows.  The  beam  is  reflected 
by  a  deflecting  plane  mirror,  for  example,  at  right  angle,  toward  the  next  articulation 
and  so  on.  Besides,  each  articulation  can  be  rotated.  Hence,  the  laser-robot  arm  can 
take  any  required  position  in  space. 

Inaccuracy  in  angular  position  of  the  delivery  charmel's  deflecting  mirrors  are 
automatically  compensated  by  the  CE-reflector.  Radiation  is  always  propagating  along 
the  normal  to  the  resonator's  output  mirror.  To  reduce  the  effect  of  vibrations,  it  is 
necessary  to  place  the  focusing  system  close  to  the  output  mirror  of  the  resonator  or  to 
fabricate  these  two  elements  as  a  single  unit.  So,  the  point  of  focusing  of  the  radiation 
for  such  a  design  of  the  laser  robot  will  always  remain  in  one  and  the  same  place  with 
respect  to  the  end  of  the  laser-robot’s  arm. 

I  believe  that  from  the  standpoint  of  laser  users  such  systems  deserve  to  be 
studied  and  manufactured. 


Figure  9.  Optical  scheme  of  a  laser-robot. 
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3.  Resonator  for  the  solid-state  technological  laser 

In  most  cases,  as  the  pump  level  increases,  unwanted  thermal  effects,  such  as  thermal 
lenses  in  active  media  of  solid-state  lasers  with  lamp  pumping,  arise.  For  such 
situation,  a  resonator  has  been  developed,  where  the  just  mentioned  thermal  lenses 
were  used  to  form  a  self-imaging  optical  subsystem  inside  the  unstable  negative-branch 
resonator  (see  Fig.  10). 

A  detailed  study  of  characteristics  of  the  laser  with  such  a  resonator  can  be 
found  in  [12,  13].  Note  that  we  have  studied  experimentally  two  lasers  with  the 
resonator  of  this  type.  The  lasers  contained,  respectively,  two  and  four  active  rods  with 
induced  positive  thermal  lenses.  In  our  experiments,  we  employed  standard  (without 
any  preliminary  selection)  YAG:Nd^^  rods  6.3  mm  in  diameter  and  100  mm  in  length. 
For  the  maximum  pump  level,  the  equivalent  focal  length  of  the  thermal  lenses  was 
about  20  cm.  The  average  output  power  of  the  first  laser  was  160  W  and  of  the  second 
one  306  W. 


Figure  10.  An  unstable  resonator  for  a  laser  with  strong  lens-like  distortions  in  the  active  medium. 


Nowadays,  commercial  lasers  with  the  average  power  lying  in  the  range 
between  150  and  300  W  show  the  divergence  of  about  10  -  25  diffraction  limits.  With 
the  developed  resonator,  we  obtained  the  output  beam  divergence  within  3-5 
diffraction  limits.  This  is  considered  to  be  one  of  the  best  result  achieved  with  the 
solid-state  technological  lasers. 

At  present,  the  selective  diode  pumping  is  widely  used,  which  allows  one  to 
significantly  reduce  the  thermal  effect.  However,  for  the  average  output  power  of  laser 
emission  higher  than  1  kW,  the  thermal  lenses  arise  again  in  the  active  rods.  This 
means  that  the  developed  resonator  can  be  useful  for  these  lasers  as  well. 
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4.  Multi-chamber  laser  with  repetitively-pulsed  mode 

In  this  part  of  the  paper,  one  can  see  an  example  of  how  the  use  of  novel  resonators  can 
change  the  laser  design  and,  at  the  same  time,  improve  characteristics  of  the  output 
beam. 

Increase  in  the  laser  output  power,  including  lasers  operating  in  the  repetitively- 
pulsed  mode,  is  practically  always  accompanied  by  change  of  its  most  important 
parameters:  beam  divergence  and  jitter.  These  parameters  are  not  fixed  for  a  specified 
laser  device  and,  as  a  rule,  the  beam  divergence  and  jitter  increase  simultaneously  with 
increasing  average  output  power. 

Let  the  laser  comprises,  for  example,  three  separate  laser  chambers  (see  Fig.  1 1). 
The  laser  chambers  generate  one  after  another:  the  first  chamber,  the  second  one,  then 
the  third  one,  and  then  the  process  is  repeated.  A  fiat  mirror  of  the  beam-integrating 
unit  is  directed  to  one  or  another  laser  chamber.  Such  laser  design  allows  one  to  use  a 
large  number  of  laser  chambers.  It  is  evident  that  the  laser  output  average  power  will 
increase  as  many  times,  as  many  laser  chambers  we  use,  while  the  beam  divergence  of 
this  multi-chamber  laser  will  be  virtually  the  same  as  that  of  the  low-power  laser. 


Axil  of 


Figure  1 1 .  Basic  concept  of  a  multi-chamber  version 
with  the  single  radiation  output. 


However,  a  new  serious  problem  arises  associated  with  increase  of  the  beam 
jitter  in  the  integration  unit.  The  problem  of  bringing  into  coincidence  of  the  beam 
axes  of  three  laser  resonators  is  most  easily  solved  by  using  the  external  beam- 
integrating  scheme,  whose  possible  configuration  is  shown  in  Fig.  11.  The  scheme 
comprises  at  least  five  mirrors,  including  a  rotating  one,  whereby  the  beams  are 
coupled  out  successively  from  each  of  three  laser  modules  in  the  same  direction  at 
different  moments  of  its  rotation.  In  this  scheme,  the  presence  of  angular  errors  Acp  in 
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positions  of  the  intermediate  guiding  mirrors  and  rotating  mirror,  caused  by  the  play  in 
the  rotation  drive  and  by  vibrations  of  the  support  structure,  will  result  in  additional 
angular  beam  instability  A0  =  2A(p.  The  use  of  the  automatic  mirror-stabilization 
systems  is  possible  but  this  will  require  no  less  than  five  fine-adjustment  loops. 
However,  there  is  one  more  approach  to  the  problem  (Fig.  12). 


/ 


V 
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Figure  12.  Principal  configuration  of  the  optical  scheme 
with  the  common  rotating  mirror  in  three  resonators. 


Figure  12  shows  the  optical  scheme  based  on  the  confocal  imstable  resonator 
(UR)  of  positive  branch.  The  principal  idea  underlying  the  proposed  arrangement  is 
that  each  resonator  of  the  three  laser  chambers  incorporates  a  common  rotating  coupler 
whose  rotation  and  position  inaccuracy  does  not  cause  any  angular  defiection  of  the 
output  beam  axis.  This  mirror  operates  so  that  in  certain  moments  of  rotation  it 
successively  couples  out  radiation  from  the  laser  modules  into  the  external  optical  path. 

To  stabilize  direction  of  the  output  beam  axis  within  fractions  of  the  diffraction 
limit,  the  positions  of  the  stationary  resonator  mirrors  should  be  fixed  to  an  accuracy  of 
about  10'^  rad  (in  a  beam  CO2  laser  with  aperture  of  tens  cm),  whereas  a  much  lower 
accuracy 

of  (l-5)xl0'^  rad  is  necessary  for  spatial  stabilization  of  the  rotating  coupler.  Besides 
the  UR  optical  scheme  is  designed  so  that  the  error  in  spatial  position  of  the  rotating 
coupler  is  almost  totally  corrected  by  the  tunable  lasing  direction  if  magnification  of 
the  UR  is  chosen  properly. 
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Figure  13.  Illustration  of  the  idea  of  compensating  positioning 
inaccuracies  of  the  common  rotating  mirror. 

Figure  13  shows  the  optical  scheme  of  one  of  the  three  UR-based  laser  modules 
in  two  mutually  perpendicular  planes.  Here,  Mi  and  Ms  are  the  concave  and  convex 
resonator’s  mirrors,  respectively.  Flat  mirrors  M2  and  M4  are  placed  on  opposite  sides 
of  a  single  rotating  unit.  The  bilateral  mirror  (M2,  M4),  rotated  around  the  OOi  axis  by 
a  step  motor,  is  a  common  component  of  all  three  resonators  (beam-integrating  unit 
(BIU)).  Flat  mirror  M2,  placed  at  an  angle  of  45®  with  respect  to  the  resonator's  axis, 
couples  radiation  out  of  the  laser.  A  rectangular  hole  in  mirror  M2  is  the  aperture 
diaphragm  of  the  resonator. 

Let  us  consider  the  idea  of  compensation  for  the  tilts  and  rotation  errors  in  the 
beam-integrating  unit  in  one  of  the  planes,  e.  g.,  in  the  plane  containing  the  OOi  axis. 
Let  the  beam-integrating  unit  (mirrors  M2  and  M4)  be  inclined  by  an  angle  a  with 
respect  to  its  designed  position  as  a  result  of  a  play  in  the  bearing  (Fig.  13a).  To  retain 
the  output  beam  direction  intact  after  reflection  from  mirror  M2,  the  lasing  axis  inside 
the  resonator  should  be  tilted  by  the  angle  a  with  respect  to  its  initial  position.  Note 
that  along  with  the  inclination  of  mirror  M2,  the  position  of  mirror  M4  will  change  as 
well,  and  the  center  of  curvature  of  mirror  Mi  imaged  by  mirrors  M3  and  M4  will  be 
displaced  from  its  initial  position  at  a  distance  of  a(r+R+2A),  where  r  is  the  radius  of 
curvature  of  mirror  M5,  R  is  the  radius  of  curvature  of  mirror  Mi,  and  d  is  the  distance 
between  mirrors  M4  and  M5  (see  Fig.  12  a).  In  this  case,  the  lasing  axis,  which  passes 
through  the  centers  of  curvature  of  the  convex  and  concave  mirrors  in  the  UR,  will  turn 
by  the  angle 


P  =  2a(r+R+2A)/(R-r).  (6) 

The  beam  propagating  along  the  new  axis  will  be  titled  by  the  angle  y  =  p-2a  with 
respect  to  the  initial  axis  after  reflection  from  mirrors  M4  and  M3.  Equating  the 
obtained  angle  of  inclination  of  the  lasing  axis  y  to  the  required  value  2a,  yields  the 
equality 
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2(rfA)  =  R-r.  (7) 

This  means  that  the  confocal  UR  under  consideration  should  have  the  magnification  in 
this  plane 

M  =  3(l+t),  (8) 


where  t  =  2A/3r. 

To  compensate  for  the  error  in  rotation  of  mirror  M2  around  the  OOi  axis  by 
the  angle  ©  in  the  orthogonal  plane  (Fig.  13  b),  the  resonator's  axis  should  turn  by  the 
same  angle  o,  the  magnification  also  being  equal  to  M  =  3  (1  + 1).  Thus,  the  errors  in 
rotation  of  the  mirror  in  the  integrating  unit  do  not  cause  any  jitter  of  the  output  beam 
axis,  although  are  accompanied  by  insignificant  lateral  shifts  of  the  output  beam.  These 
shifts  do  not  cause  any  noticeable  jitter  of  the  output  beam  axis. 

So,  this  is  an  example  of  the  scheme  of  the  resonator  which  can  serve  as  a 
multi-chamber  laser,  where,  as  was  already  said  above,  the  beam  divergence  and  jitter 
will  be  the  same  as  in  the  low-power  laser. 


5.  Conclusion 

We  have  considered  a  few  examples  of  resonators,  suitable  for  lasers  used  in  precision 
technological  processes.  It  should  be  pointed  out  that  all  the  resonators  considered 
above  are  multi-element  and,  despite  this  fact,  allow  one  to  achieve  high  performance 
of  technological  lasers. 

In  conclusion,  I  fully  endorse  the  opinion  of  Yu.  A.  Anan'ev  [14]  that  in  creation 
of  the  laser  it  is  necessary  to  enlist  specialists  on  resonators  at  the  earliest  stages  of 
laser  design. 
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RESONATOR  DESIGN  CONSIDERATIONS  FOR  EFFICIENT  OPERATION  OF 
SOLID-STATE  LASERS  END-PUMPED  BY  fflGH-POWER  DIODE-BARS 
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Southampton,  SOI  7 IBJ 
United  Kingdom 


Abstract 

A  novel  resonator  design  strategy  for  high-power  diode-end-pumped  solid-state  lasers 
is  described,  which  reduces  the  beam  distortion  and  depolarisation  loss  due  to  thermally- 
induced  lens  aberrations  and  stress-birefringence.  The  approach  is  based  on  a  resonator 
design  satisfying  two  criteria;  firstly,  the  laser  mode  radius  must  be  appreciably  smaller 
than  the  pump  beam  radius,  and  secondly,  the  laser  mode  size  must  decrease  with 
decreasing  power  (increasing  focal  length)  of  the  thermal  lens.  Experimental  results  are 
presented  for  diode-bar-pumped  Nd:YAG  lasers  operating  at  various  wavelengths 
confirming  the  validity  of  this  approach.  Results  are  also  presented  of  a  detailed 
investigation  of  thermal  effects  in  end-pumped  Nd:  YAG  lasers,  which  indicate  how  the 
various  factors  such  as  end-face  curvature  and  the  temperature  and  stress  dependence 
of  refractive  index  influence  the  thermal  lensing  behaviour.  The  merits  of  Nd:YLF  for 
use  in  high-power  end-pumped  lasers,  based  on  its  weaker  thermal  lensing  on  the  a 
polarisation  at  1.053/Am  compared  to  Nd:YAG,  will  also  be  considered. 


1.  Introduction 

Advances  in  semiconductor  laser  technology  over  the  last  decade  have  been  dramatic, 
leading  to  a  very  significant  increase  in  the  available  output  power  from  diode-bar 
sources.  In  parallel  with  these  developments  there  has  been  growing  interest  in  using 
high-power  diode-bars  as  pump  sources  for  power-scaling  of  solid-state  lasers.  At 
relatively  low  pump  powers  (<few  watt),  the  employment  of  end-pumped  rather  than 
side-pumped  configurations  has  been  the  preferred  route  owing  to  the  much  higher 
efficiencies  achievable,  the  relative  ease  with  which  fundamental  transverse  mode 
operation  can  be  selected  and  the  enormous  flexibility  in  cavity  design  and  wavelength 
of  operation.  This  has  enabled  the  development  of  numerous  novel  solid-state  laser 
devices  (e.g.  [1],[2]).  Many  of  these  attractive  features  result  directly  firomthe  relative 
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ease  with  which  low  power  diodes  can  be  focused  to  small  beam  sizes,  and  their 
relatively  narrow  emission  linewidths  allowing  short  absorption  lengths,  -few  mm,  in 
the  laser  material. 

Progress  in  scaling  diode-end-pumped  solid-state  lasers  to  high  powers,  whilst 
retaining  these  attractive  features,  has  been  hindered  by  two  main  problems.  The  first 
of  these  has  been  the  unfriendly  and  highly  elliptical  nature  of  the  output  beams  from 
high-power  diode-bars.  Typically,  these  devices  are  constructed  from  a  wide  array  of 
emitters,  with. typical  overall  dimensions  --l/im  x  10mm  and,  as  a  consequence, 
produce  an  output  beam  which  is  nearly  diffraction-limited  in  the  plane  perpendicular 
to  the  array,  but  is  typically  —2000  times  diffraction-limited  in  the  array  plane.  This 
large  mismatch  in  the  beam  quality  factors  for  orthogonal  planes  makes  it  difficult 
to  focus  to  the  small  diameter  beams  required  for  efficient  end-pumping  of  solid-state 
lasers. 

To  permit  focusing  to  small  beam  diameters  it  is  necessary  to  use  an  optical  beam 
delivery  system  which  equalises  the  beam  quality  factors  in  orthogonal  planes  without 
significantly  decreasing  the  brightness.  To  date,  a  number  beam  delivery  schemes 
which  attempt  to  solve  this  problem  have  been  reported  (e.g.  coupling  into  optical  fibre 
bundles  [3], [4], [5],  using  diffractive  optical  components  [6]  or  using  arrays  of  micro- 
optical  components  [7]).  However,  in  most  cases  the  equalisation  in  the  beam  quality 
factors  is  also  accompanied  by  a  large  decrease  in  brightness.  More  recently,  an 
alternative  beam  shaping  technique  [8]  which  allows  equalisation  of  the  beam  quality 
factors  in  orthogonal  planes  with  only  a  relatively  small  reduction  in  brightness  has  been 
demonstrated.  This  approach  which  utilises  two  high  reflectivity  mirrors  in  combination 
with  standard  collimating  and  focusing  lenses  can  be  used  to  focus  the  output  from  a 
diode  bar  to  a  nearly  circular  spot  of  much  smaller  diameter  than  is  currently  possible 
via  other  reported  techniques,  and  hence  offers  the  attractive  prospect  of  efficient  high- 
power  operation  even  on  relatively  low  gain  or  quasi-three-level  transitions  [9]. 

However,  the  availability  of  high  power  and  high  intensity  pump  sources  has  further 
exacerbated  thermal  effects  such  as  thermal  lensing  and  thermally-induced  stress- 
birefringence,  which  are  particularly  pronounced  in  end-pumped  lasers  owing  to  the 
high  thermal  loading  density.  One  of  the  main  problems  encountered  in  end-pumped 
lasers  is  beam  distortion  due  to  the  highly  aberrated  thermal  lens,  making  it  extremely 
difficult  to  simultaneously  achieve  high  efficiency  and  good  beam  quality.  To  overcome 
this  problem  a  number  of  approaches  have  been  reported  including  the  use  of  apertures 
to  select  the  TEM^o  beam  [1],  and  aspheric  lenses  as  compensators  [2].  More  recently, 
an  alternative  approach  has  been  reported  [10],  which  uses  face-cooling  to  achieve  axial 
heat  flow  in  a  laser  disc  and  hence  a  significant  decrease  in  the  strength  of  the  thermal 
lensing.  Unfortunately,  the  latter  approach  has  the  disadvantage  that  it  is  only 
applicable  to  laser  materials  with  a  short  absorption  length  for  the  pump  light  and/or 
laser  transitions  with  a  high  gain  cross-section.  This  is  necessary  to  ensure  that  the 
pumped  region  has  a  high  aspect  ratio  of  pump  beam  size  to  disc  thickness  to  minimise 
radial  heat  flow. 

In  this  paper  we  describe  an  alternative  resonator  design  strategy  to  reduce  the  beam 
distortion  resulting  from  strong  thermally-induced  aberrations  without  using 
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compensating  components.  The  underlying  basis  of  this  approach  is  that  the  aberrations 
which  result  from  the  Gaussian-iike  pump  beam  are  most  pronounced  in  the  wings  of 
the  inversion  distribution.  Hence  by  using  a  resonator  with  a  TEM^o  mode  which  is 
smaller  than  the  pump  beam  it  is  possible  to  achieve  a  near-diffraction-limited  output 
beam.  However,  a  consequence  of  the  smaller  mode  size  is  that  it  is  more  difficult  to 
achieve  efficient  extraction  of  the  gain  stored  in  the  wings  of  the  inversion  distribution. 
In  addition,  appropriate  measures  must  be  taken  to  prevent  this  unused  inversion  from 
providing  sufficient  gain  for  simultaneous  oscillation  on  higher-order  transverse  modes. 
Our  results  indicate  that  this  suppression  of  higher-order  transverse  modes  can  be 
achieved  by  applying  a  second  condition  to  the  resonator  design,  namely  that  the  TEM^o 
beam  size  in  the  laser  rod  should  decrease  with  increasing  focal  lengdi  of  the  thermal 
lens.  The  rationale  for  this  design  is  presented  below.  Experimental  results  for  diode- 
bar-pumped  Nd:  YAG  lasers  operating  at  various  wavelengths  which  confirm  the  benefits 
of  this  approach  are  described  together  with  a  results  of  a  detailed  investigation  of 
thermal  effects  in  Nd:YAG  which  indicate  how  various  factors,  such  as  end-face 
curvature  and  the  temperature  and  stress-dependence  of  the  refractive  index  influence 
the  thermal  lensing  behaviour  and  hence  the  choice  of  resonator  design.  In  addition, 
the  merits  of  Nd:YLF  with  its  weaker  thermal  lensing  on  the  l.OSS/im  polarisation 
compared  to  Nd:YAG  for  use  in  high-power  end-pumped  lasers  will  be  considered. 


2.  Resonator  Design  Considerations  For  Low-power  Lasers 

We  begin  our  discussion  with  a  brief  review  of  the  resonator  design  criteria  for  efficient 
TEMpo  operation  of  diode-pumped  solid-state  lasers  at  low  powers  [11], [12].  Using  a 
simplified  rate  equation  approach  [13],  and  assuming  Gaussian  transverse  intensity 
distributions  for  the  pump  beam  and  lasing  mode,  the  following  approximate  expressions 
for  threshold  pump  power  Pptj,  and  slope  efficiency  of  an  end-pumped  laser  (fig.  1)  can 
be  derived  [14]: 
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where  and  Pi_  are  the  pump  and  lasing  frequencies  respectively,  r,  is  the  fluorescence 
lifetime,  a  is  the  laser  transition  cross-section,  ij,  is  the  pumping  quantum  efficiency 
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Figure  1  End-pumped  solid-state  laser. 


(i.e.  the  fraction  of  absorbed  pump  photons  which  iead  to  subsequent  excitation  in  the 
upper  laser  level).  T  is  the  transmission  of  the  output  coupler,  L  is  the  residual  round- 
trip  cavity  loss,  » [l-exp(-o!p/)]  is  the  fraction  of  incident  pun^  radiation  absorbed 
over  the  length  of  the  laser  rod  and  w,,  and  w,  are  the  effective  TEM„  beam  radii  for 
laser  and  pump  respectively,  which  are  assumed  to  be  approximateiy  constant  over  the 
length  of  the  laser  rod.  The  above  expressions  for  threshold  and  slope  efficiency  also 
assume  that  the  total  cavity  loss  (L-fT)<<l,  which  is  usually  a  reasonable 
approximation  for  most  low  power  diode-pumped  lasers.  The  factor  tin^  depends  on  the 
spatial  overlap  of  the  pumped  region  and  lasing  mode  and  on  the  ratio  of  the  intracavity 
intensity,  I  to  the  samration  intensity,  I, »  hvjar,.  In  the  low  power  limit  where  I/I,  1 , 
then  tjpL  can  be  approximated  to 


WL(w^2w,^ 

(WL+WpV 
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and  at  higher  powers  where  I/I,>  1,  tjpl-^1.  Thus  t/pl  accounts  for  the  variation  in  the 
slope  efficiency  with  pump  power.  Physically,  this  can  be  interpreted  as  being  due  to 
a  competition  between  stimulated  emission  and  spontaneous  emission  in  the  wings  of  the 
pumped  region.  At  high  intracavity  intensities  there  is  an  increased  probability  that 
inverted  ions  will  be  depleted  by  stimulated  emission  and  hence  an  increase  in  the  slope 
efficiency .  The  fact  that  the  slope  efficiency  is  power  dependent  makes  it  difficult  to 
calculate  the  optimum  output  coupling  for  mmcimum  output  power  from  the  laser  (i.e. 
for  maximum  output  power).  However,  if  it  is  assumed  that  1,  which  is  usually 
a  good  ^proximation  for  an  optimally  designed  laser  at  low  punq)  powers,  then  the 
optimum  value  for  the  output  coupler  transmission  can  be  chosen  according  to  the 
following  equation: 
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where  Pp  is  the  maximum  pump  power  available  and  it  has  been  assumed  that 
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(L+T)  <  1 .  Thus  equations  (1)  to  (4)  provide  a  good  guide  to  the  optimum  laser  design. 
For  a  given  laser  transition  the  key  requirement  for  efficient  operation  is  a  low  threshold 
compared  to  the  available  pump  power,  which  can  generally  be  achieved  by  keeping  the 
net  cavity  losses  low  and  using  small  pump  beam  and  laser  mode  sizes.  The  laser  mode 
size  is  determined  by  the  resonator  design  and  can  in  general  be  made  very  small.  To 
ensure  diffraction-limited  operation  it  is  necessary  to  use  a  resonator  design  in  which 
the  TEMqo  radius  is  either  equal  to  or,  more  ideally,  larger  than  the  pump  beam  radius. 
This  prevents  undepleted  inversion  from  building  up  in  the  wings  of  the  pumped  region 
which  may  result  in  lasing  on  higher-order  transverse  modes.  Thus  the  minimum  laser 
mode  size,  and  hence  the  minimum  threshold  pump  power  is  determined  mainly  by  the 
minimum  effective  pump  beam  size,  which  is  in  turn  governed  by  the  beam  quality 
factor  for  the  diode  laser,  the  performance  of  the  pump  collimating  and  focusing  optics 
and  the  absorption  length  for  the  pump  light.  If  we  make  the  simplifying 
assumption  that  the  pump  light  is  absorbed  linearly  with  distance  z  and  is  completely 
absorbed  over  two  absorption  lengths,  then  minimum  effective  pump  beam  radius  Wp^j^, 
defmed  as  r.m.s  beam  radius  which  results  in  the  minimum  pumped  volume,  is  given 
by 


2  ^ 

^pmin  — 
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For  most  diode  laser  pump  sources  the  beam  quality  factors  differ  considerably  for 
orthogonal  planes.  In  the  plane  perpendicular  to  the  junction  the  beam  quality  factor 
My^  is  - 1 .  In  the  orthogonal  plane  parallel  to  the  array  the  beam  quality  factor  is 
much  larger  and  depends  on  the  length  of  the  array.  For  a  typical  IW  diode  laser  at 
809nm  the  emitting  region  has  a  length  --200/im  and  produces  a  beam  with  M^^~40, 
suggesting  a  minimum  effective  pump  beam  radius  of  approximately  130pim  for  a 
Nd:YAG  rod  with  a  typical  absorption  length  for  the  pump  of  2.5mm.  This  pump 
beam  size  can  be  achieved  rather  easily  with  a  standard  arrangement  of  lenses. 
Obviously,  a  much  smaller  effective  pump  beam  size  is  possible  in  the  orthogonal  plane. 
However,  since  it  is  generally  much  easier  to  design  a  resonator  with  a  nearly  circular 
TEMqo  mode,  then  clearly  it  is  the  larger  of  the  pump  beam’s  values  which 
determines  the  laser  mode  radius  and  hence  the  minimum  threshold  pump  power. 
Assuming  a  residual  round-trip  cavity  loss  L  of  2%  (due  to  imperfect  antireflection 
coatings  and  leakage  through  the  high  reflector)  we  can  estimate  from  equation  (4)  that 
the  optimum  output  coupler  transmission  for  operation  at  1.064fim  will  be  —13%, 
which  would  result  in  a  threshold  pump  power  of  —  125mW  and  a  maximum  output 
power  of  around  400mW  to  500mW  in  a  diffraction-limited  beam.  These  operating 
characteristics  are  fairly  typical  of  low-power  diode-pumped  Nd:YAG  lasers.  For 
quasi-three-level  lasers  the  above  analysis  must  be  modified  to  account  for  the  finite 
lower  laser  level  population  [15], [16].  However,  the  design  strategy  is  essentially  the 
same  with  the  laser  performance  on  a  given  transition  being  determined  mainly  by  how 
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tightly  the  diode  pump  beam  can  be  focused  in  the  laser  material.  In  fact  it  is  a 
consequence  of  ability  to  focus  the  pump  beam  to  a  diameter  which  is  much  smaller 
than  the  absorption  length  which  enables  end-pumped  solid-state  lasers  to  be 
sigmficantly  more  efficient  than  side-pumped  lasers.  The  relatively  weak  thermal 
effects  in  low-power  diode-pumped  lasers  in  combination  with  the  relative  ease  with 
which  the  requirement  of  Wl  >  Wp  for  tEM^o  operation  can  be  achieved,  has  allowed  for 
considerable  flexibility  in  the  resonator  design,  of  which  there  are  numerous  examples 
reported  in  the  literamre. 


3.  Focusing  of  High-power  Diode  Lasers 

Due  to  thermal  considerations  scaling  of  diode  laser  pump  sources  to  higher  powers  has 
been  achieved  via  the  construction  of  longer  linear  arrays  of  lower  power  diodes,  and 
hence  has  been  accompanied  by  a  degradation  in  beam  quality  and  a  decrease  in 
brightness.  A  typical  commercially  available  20W  cw  diode-bar  at  809nm  has  a  linear 
array  of  dimensions  --l^m  x  10mm  and  very  different  beam  quality  factors  in 
orthogonal  planes;  My^~l  and  M^““-2000.  By  comparison  with  a  typical  IW  diode 
laser,  a  typical  20W  diode-bar  has  a  brightness  at  least  2.5  times  smaller.  Whilst  this 
reduction  in  brightness  is  of  some  significance,  by  far  the  most  serious  problem  for  end 
pumping  is  the  large  difference  in  the  values  for  orthogonal  planes.  This  makes  it 
extremely  difficult  to  focus  to  the  small  diameter  beam  required  for  efficient  end¬ 
pumping.  A  number  of  beam  delivery  schemes  which  attempt  to  solve  this  problem 
have  been  reported  (e.g.  [5], [6], [7]).  However,  equalisation  of  the  values  in 
orthogonal  planes  is  often  accompanied  by  a  significant  decrease  in  brightness  thus 
precluding  the  small  focussed  beam  sizes  required  for  efficient  end-pumping  of  low  gain 
or  quasi-three-level  lasers. 

In  the  experimental  investigations  described  in  this  work  we  have  made  use  of  an 
alternative  technique  which  utilises  only  two  high  reflectivity  mirrors  to  equalise  the 
values  in  orthogonal  planes  without  a  significant  decrease  in  brightness.  The  principle 
of  operation  of  this  ‘two-mirror*  beam  shaping  technique  is  described  in  detail  in 
ref. [8].  Here  we  merely  summarise  its  main  features: 

The  construction  of  the  two-mirror  beam  shaper  (shown  in  the  Figs.  2(a)  and  (b)) 
is  very  simple,  with  the  two  high  reflectivity  plane  mirrors  aligned  approximately 
parallel  and  separated  by  a  small  distance  d  (typically  <lmm).  The  mirrors  are 
transversely  offset  from  each  other,  in  both  the  x'  and  y'  directions,  so  that  small 
sections  of  each  mirror  are  not  obscured  by  the  other.  These  unobscured  sections  form 
the  input  and  output  apertures  of  the  beam  shaper. 

The  principle  of  operation  of  the  beam  shaper  can  be  explained  with  reference  to 
Figs.  2(a)  and  (b),  which  show,  respectively,  plan  and  side  views  of  the  beam  shaper, 
in  each  case  the  mirror  surfaces  being  orthogonal  to  the  plane  of  the  figure.  Light  from 
a  non-diffraction-lunited  laser  (in  this  case  a  diode-bar)  with  beam  quality  factors 
and  My^  in  orthogonal  planes  of  propagation  x-z  and  y-z,  is  incident  obliquely  at  angles 
and  By  in  the  orthogonal  planes;  x'-z'  and  y*-z',  on  the  unobscured  section  of  mirror 
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Figw  2  Two-minor  beam  shaper*  (a)  plan  view,  (b)  side  view. 

B  of  the  beam  sh^r  as  shown.  The  incident  beam  can  be  considered  to  be  composed 
of  a  number  of  adjacent  beams.  For  the  purpose  of  illustration,  the  incident  beam  has 
been  arbitrarily  chosen  to  consist  of  five  parallel  beams  (l)-(5).  Beam  (1)  is  not 
incident  on  either  mirror  A  or  B,  since  it  passes  above  mirror  A  (see  Fig.  2(b))  and 
passes  by  the  side  of  mirror  B  (see  Fig.  2(a)),  and  so  emerges  with  no  change  to  its 
original  direction  (assuming  any  diffraction  effects  at  the  edge  of  mirror  B  are 
negligible).  Beam  (2)  however,  passes  above  mirror  A  but  is  incident  on  mirror  B  and 
is  reflected  so  that  it  strikes  mirror  A  immediately  below  beam  (1).  Beam  (2)  is  then 
reflected  at  mirror  A  and  emerges  from  the  beam  shaper  in  the  direction  of  beam  (1), 
but  displaced  beneath  beam  (1).  Beam  (3),  after  incidence  on  mirror  B,  is  reflected  so 
that  it  strikes  mirror  A  underneath  beam  (2),  is  then  reflected  back  to  mirror  B,  where 


334 


it  is  reflected  onto  mirror  A,  subsequently  emerging  parallel  to  beams  (1)  and  (2)  but 
displaced  underneath  beam  (2).  Beams  (4)  and  (5)  undergo  similar  multiple  reflections 
at  mirrors  A  and  B  and  finally  emerge  propagating  beneath  beams  (1),  (2)  and  (3),  as 
shown  in  Fig.  2(b).  Thus  the  action  of  the  beam  shaper  is  to  effectively  chop  the 
incident  laser  beam  into  a  specific  number  of  beams  and  then  to  re-direct  and  re-position 
these  beams  so  that  they  emerge  from  the  beam  shaper  stacked  on  top  of  one  another. 
Since  the  incident  beam  is  initially  many  times  diffraction-limited  in  the  x-z  plane  (i.e. 

>2000  for  a  typical  diode  bar),  then  the  effect  of  the  beam  shaper  is  to  decrease  the 
width  of  the  beam  in  the  x  direction,  but  without  significantly  increasing  its  divergence. 
Thus  the  overall  result  is  that  the  composite  beam  which  emerges  from  the  beam  shaper 
has  a  smaller  value  for  For  a  given  incident  laser  beam,  the  number  of  stacked 
beams  and  their  widths  (in  the  x-z  plane)  can  be  specified  by  the  choice  of  angles  6^.  and 
By,  the  mirror  separation  d  and  by  the  appropriate  positioning  of  the  beam  shaper 
relative  to  the  incident  laser  beam.  Hence  the  factor  by  which  is  reduced  can  be 
controlled  by  the  adjustment  of  these  parameters.  It  should  be  noted  however,  that  a 
reduction  in  is  only  possible  if  for  the  incident  beam  is  much  greater  than  unity 
so  that  chopping  the  beam  into  smaller  individual  beams  does  not  result  in  an  increased 
spread  of  these  beams  due  to  diffraction  at  the  edge  of  mirror  B. 

In  the  y  direction  the  beam  size  is  increased,  but  the  divergence  remains 
approximately  constant  (providing  that  mirrors  A  and  B  are  sufficiently  parallel),  hence 
the  emerging  beam  has  its  My^  value  increased.  The  factor  by  which  My^  is  increased 
depends  on  the  total  height  of  the  composite  stacked  beam  (in  the  y-z  plane)  and  its  far- 
field  divergence.  If  the  incident  beam  is  reasonably  well  collimated  in  the  y-z  plane 
then  My2  is  increased  by  a  factor  approximately  equal  to  the  total  height  of  the  emerging 
beam  divided  by  the  height  of  an  individual  beam.  For  many  applications,  it  is 
desirable  to  minimise  the  increase  in  My^  by  choosing  values  for  the  mirror  spacing  d, 
and  the  inclination  angle  By  so  that  the  gap  between  adjacent  stacked  beams  is  minimised 
without  significantly  degrading  the  beam  shaper’s  transmission  due  to  clipping  of  the 
beams  at  the  top  edge  of  mirror  A.  For  a  clipping  loss  of  <  1  % ,  the  beam  separation 
should  be  - 1 .3  times  greater  than  the  l/e^  incident  beam  height.  This  implies  that  My^ 
would  be  increased  by  a  factor  of  1.3N,  where  N  is  the  number  of  stacked  beams. 

The  factor  by  which  is  decreased  depends  on  the  width  of  the  output  beam  (in 
the  x-z  plane)  and  its  far-field  divergence.  As  a  rough  guide,  it  should  be  possible  to 
decrease  by  a  factor  (providing  that  the  initial  value  for  is  much  greater 
than  N). 

The  transmission  T  of  the  beam  shaper  is  approximately  given  by 
T=(l— L)[l— N(1 —R)]  where  L  is  the  loss  due  to  clipping  and  R  is  the  mirror 
reflectivity.  If  the  incident  beam  is  chopped  many  times,  then  many  reflections  are 
needed  between  the  mirrors,  so  high  reflectivity  is  important  for  achieving  a  high 
transmission. 

Thus,  by  choosing  appropriate  values  for  the  mirror  separation  d  and  inclination 
angles;  B^.  and  By,  it  is,  in  principle,  possible  to  re-configure  any  non-diffraction-limited 
laser  beam  with  so  that  is  made  approximately  equal  to  My^  with  only 

a  very  small  reduction  in  brightness.  The  resulting  beam  can  then  be  focused  with 
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conventional  lenses  to  a  nearly  circular  spot  which  is  suitable  for  end-pumping. 

The  beam  delivery  scheme  used  in  the  end-pumping  experiments  described  here  is 
shown  in  fig.  3.  The  pump  was  a  20W  cw  diode-bar  (Opto-Power-Corporation  OPC- 
A020-mmm-CS)  with  24  emitters  which  was  initially  collimated  by  a  fibre  lens  and  then 
imaged  with  an  arrangement  of  cylindrical  and  spherical  lenses,  which  were  positioned 
so  to  produce  a  magnified  image  of  the  array  of  emitters  at  the  entrance  aperture  to  die 
two-mirror  beam  shaper.  The  beam  shaper  itself  was  constructed  as  shown  in  fig.  2 
with  two  nominally  parallel  high  reflectivity  mirrors  (>  99.8  %  at  the  diode  wavelength, 
--808nm),  and  was  inclined  at  angle  6^.  =s45°  with  respect  to  the  incident  beam.  The 
mirror  separation  d  and  the  inclination  angle  $y.  were  adjusted  in  order  to  chop  the 
incident  beam  into  24  constituent  beams,  one  for  each  emitter,  and  stack  them  vertically 
below  each  other  in  the  y  direction.  In  general  the  choice  of  parameters  d  and  By.,  and 
therefore  the  number  of  stacked  beams,  depends  on  the  required  output  values  of 
and  My^.  However,  in  the  case  of  a  diode  bar,  with  its  array  of  emitters,  it  is  often 
advantageous  to  image  the  bar  onto  the  beam  shaper  and  configure  the  beam  shaper  to 
chop  the  beam  into  its  constituent  emitter  images.  In  this  way  it  is  possible  to 
effectively  remove  the  ‘dead’  space  between  adjacent  emitters  on  the  bar  and  in  so  doing 
increase  the  brightness.  The  increase  in  brightness  depends  on  the  ratio  of  the  emitter 
width  to  the  dead  space  width  (i.e.  the  fill  factor),  and  is  approximately  a  factor  of  two 
for  the  diode  bar  used  in  our  experiments.  The  stacked  output  from  the  beam  shaper 
was  then  re-collimated  in  the  x-z  plane  by  a  cylindrical  lens  of  focal  length  200mm  and 
finally  focused  with  an  appropriate  spherical  lens  selected  to  give  the  required  spot  size. 
The  resulting  beam  quality  factors,  and  My^  depend  on  the  alignment  of  the  beam 

shaper  and  on  the  initial  values  of  and  My^  at  the  diode  bar.  Thus  there  is  some 

variation  in  performance  depending  on  the  det^s  of  the  actual  set-up.  In  an  optimised 
arrangement,  final  beam  quality  factors  of  -40  in  orthogonal  planes  have  been 
achieved,  although  values  in  the  range  60  to  70  are  more  typical.  The  overall 
transmission  of  the  focusing  scheme  is  typically  -75%,  resulting  in  — 15  W  of  available 
pump  power  at  the  focus. 


20W 

Diode 


f*70mm 


f*200mm 


lens  f»25mm  f«60mm 


Figure  3  Focusing  arrangement  for  a  20W  diode  bar 
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4.  Prospects  For  Power-scaling  End-pumped  Lasers 

Based  on  the  focusing  scheme  performance  described  above  we  can  estimate  the 
threshold  and  output  power  of  end-pumped  solid-state  lasers  using  this  pumping 
arrangement  from  equations  (I)-(4).  From  equation  (5),  the  minimum  effective  pump 
beam  size  Wp„i„  for  a  pump  source  with  M^^=M/=70  is  -  184/tm.  Hence  for  a 
Nd:YAG  laser  operating  at  1.064ftm  with  an  output  coupler  transmission  of  10%  and 
an  additional  round-trip  loss  of  2%  we  predict  a  threshold  pump  power  of  — 0.2W  and, 
by  making  j/pL-l  using  w^  >  Wp  (say  250/im),  a  maximum  TEM„  output  power  of  -  8W 
for  15W  of  incident  pump  power  should  in  principle  be  achievable.  In  addition,  since 
the  threshold  pump  power  is  very  much  smaller  than  the  maximum  available  pump 
power,  it  should  be  possible  to  operate  at  a  multiwatt  power  levels  on  laser  transitions 
with  a  oTf  product  which  is  more  than  an  order  of  magnitude  smaller,  as  well  as  on 
many  quasi-three-level  transitions.  Thus,  the  high  brightness  output  from  this  diode-bar 
end-pumping  scheme  appears  to  offer  an  attractive  route  to  power-scaling  of  numerous 
solid-state  lasers. 


5.  Thermal  Effects  in  Continuous- wave  End-pumped  Lasers 

The  predictions  for  laser  performance  described  in  the  previous  section  are  extremely 
difficult  to  realise  in  practice  due  to  thermal  effects  which  are  particularly  pronounced 
in  end-pumped  lasers  owing  to  the  high  thermal  loading  density.  The  main  origin  of 
heat  generation  in  diode-pumped  lasers  is  usually  considered  to  be  quantum  defect 
heating,  i.e.  simply  due  to  the  energy  difference  between  pump  and  emitted  photon  [17], 
In  addition,  for  many  laser  transitions  there  are  a  number  of  other  mechanisms  (e.g. 
upconversion  and  excited-state  absorption)  which  may  also  lead  to  significant  extra  heat 
loading.  The  heat  generated  results  in  a  spatiaJ  variation  in  temperature,  and 
consequently  internal  stresses  within  the  laser  material,  and  in  addition,  deformation  of 
the  laser  rod  end  faces  due  to  differential  expansion.  The  net  result  is  a  degradation  in 
l^er  beam  quality  due  to  thermal  lensing,  depolarisation  loss  due  to  stress-induced 
birefringence,  and  ultimately  fracture  of  the  laser  rod,  if  the  thermally-induced  stress 
exceeds  the  tensile  strength  of  the  laser  material.  The  relative  extent  to  which  these 
effects  are  detrimental  to  the  laser  performance  depends  on  a  number  of  factors 
including;  the  thermo-mechanical  and  thermo-optical  properties  of  the  laser  material,  the 
pumping  geometry,  the  laser  medium  geometry  and  the  heat-sinking  arrangement.  In 
the  work  described  here  we  are  restricting  our  consideration  to  end-pumped  lasers  with 
edge-cooled  rods  of  cylindrical  geometry.  The  attraction  of  edge  cooling  is  the  relative 
simplicity  of  its  implementation,  but  due  to  the  predominantly  radial  heat  flow  it  has  the 
disadvantage  of  strong  thermal  lensing.  Face-cooling,  on  the  other  hand,  offers  much 
weaker  thermal  lensing,  but  is  complicated  by  the  need  for  multiple-passes  of  the  pump 
beam  [10]  due  to  the  short  rods  required  for  predominantly  axial  heat  flow,  and  hence 
is  only  applicable  to  laser  materials  with  a  short  absorption  length  for  the  pump  and/or 
laser  transitions  with  relatively  high  gain.  The  ultimate  limit  of  power-scaling  is  posed 
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by  the  onset  of  thermally-induced  stress-fracture.  However,  in  laser  materials  such  as 
NdiYAG  which  has  a  relatively  high  fracture  limit,  it  is  usually  thermal  tensing  and 
stress-induced  birefringence  which  present  the  practical  limit  on  diffraction-limited  laser 
performance  in  end-pumped  configurations.  In  fact,  since  there  are  numerous 
techniques  for  adequately  compensating  for  stress-birefringence  [17],  [18]  it  is  generally 
the  case  that  thermal  lensing  is  the  major  problem.  In  the  case  of  laser  materials  such 
as  NdrYLF  which  have  superior  thermo-optical  properties  but  inferior  thermo¬ 
mechanical  properties,  it  is  thermally-induced  fracture  which  is  the  most  significant 
problem.  Hence,  when  attempting  to  scale  end-pumped  Nd:YLF  to  high  powers,  it  is 
necessary  to  take  special  precautions  in  order  to  avoid  fracture,  as  will  be  described 
later. 

For  the  present  discussion  we  will  consider  the  situation  where  thermal  lensing  is 
the  major  obstacle  to  power-scaling  as  is  frequently  the  case  for  Nd:YAG  lasers.  There 
are  two  main  problems  which  must  be  addressed.  The  first  problem  is  that  in  many 
situations  strong  thermal  lensing  will  be  the  major  factor  in  determining  the  laser  mode 
size,  hence  making  it  extremely  difficult  to  design  a  resonator  in  which  the  laser  mode 
size  does  not  vary  appreciably  with  pump  power.  If  the  mode  size  varies  significantly 
so  that  the  pump  beam  is  no  longer  ‘mode-matched’  then  higher-order  transverse  modes 
may  lase,  thus  also  leading  to  a  degradation  in  beam  quality.  One  solution  to  this 
problem  is  simply  to  design  the  laser  to  operate  TEM^o  for  only  a  small  range  of  pump 
powers  near  the  maximum  available  pump  power,  and  then  use  an  attenuator  if  it  is 
necessary  to  vary  the  output  power.  The  second,  and  certainly  the  most  serious 
problem  is  the  highly  aberrated  nature  of  the  thermal  lens  which  results  from  the 
Gaussian-like  transverse  intensity  profile  of  the  pump  beam.  This  can  lead  to  a  very 
significant  degradation  in  beam  quality  in  end-pumped  lasers.  In  many  situations,  it  is 
this  problem  more  than  any  other  which  represents  the  most  significant  obstacle  to 
simultaneously  achieving  both  high  efficiency  and  a  diffraction-limited  TEM^o  output  in 
high-power  end-pumped  lasers. 

To  enable  the  formulation  of  an  appropriate  resonator  design  strategy  for  achieving 
the  optimum  TEM^q  performance  at  high  pump  powers,  it  is  necessary  to  first  derive 
an  approximate  expression  for  the  focal  length  of  the  thermal  lens  and  determine  the 
effect  of  the  non-parabolic  phase  aberrations  on  beam  quality.  Consider  an  edge-cooled 
laser  rod  of  radius  a,  length  I  mounted  in  a  cooled  copper  heat-sink  maintained  a 
temperarnre  T(a),  end-pumped  by  a  high-power  diode-laser  with  incident  pump  power 
Pp  and  intensity  Ip(r),  as  shown  in  fig.  4.  Under  steady  state  conditions: 


V.h(r,z)=Q(r,z) 


(6) 


where  h(r,z)  is  the  heat  flux  and  Q(r,z)  is  the  power  per  unit  volume  deposited  as  heat 
in  the  laser  medium.  The  heat  flux  gives  rise  to  a  temperature  distribution  T(r,z)  within 
the  laser  rod  given  by 
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h(r^)  =  -K^VTlr^) 


(7) 


where  is  the  thermal  conductivity  of  the  laser  material.  Assuming  that  the  thermal 
conductivity  of  the  heat-sink  is  much  larger  than  for  the  laser  material,  which  would 
tjrpically  be  the  case  (e.g.  using  a  copper  heat  sink),  then  the  temperature  over  the 
whole  of  the  rod’s  circumference  is  T(a)  and  the  heat  flow  is  predominantly  radial. 


Pump 

- ► 


Cooled  copper 


Figure  4  Heat  sinking  arrangement  for  an  edge-cooled  laser  rod. 

Hence  from  equation  (6),  the  net  radial  heat  flow  from  a  thin  disc,  radius  r  and 
thickness  Az  at  axial  position  z  is  given  by  [19] 


2nrAzh(r^)  =  2«r'Q(r'^')dr'dz' 


(8) 


where  h(r,z)  is  now  the  radial  heat  flux.  If  we  make  the  simplifying  assumptions  that 
the  ground  state  is  not  signiflcantly  depleted  and  that  the  pump  beam  radius  Wp  does  not 
vary  significantly  over  the  pun^}ed  region  of  the  laser  rod,  then  Q(r,z)  can  be  written: 
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Q(r,z)  =  apYlp(r)exp(-apZ) 


(9) 


where  7  is  the  fraction  of  absorbed  pump  converted  to  heat.  If  the  pumping  quantum 
efficiency  is  unity  and  there  are  no  deleterious  upconversion  or  excited-state  absorption 
processes,  then  under  lasing  conditions  7  is  approximately  equal  to  the  quantum  defect 
(i.e.  7  -  (j'p  -  v^lv^  ).  Substituting  (9)  into  (8)  yields  the  following  simplified  expression 
for  the  radial  heat  flux  h(r,z): 


h(r,z)  = 


Y  expC-ttp) 
r 


(10) 


The  temperature  difference  AT(r,z)=T(r,z)-T(0,z)  can  be.determined  via  substitution 
of  (10)  into  (7),  and  the  resulting  phase  difference  A<^(r)=<^(O)-0(r)  from 

A<|)(r)=^/'AT(r,z)-^dz  (11) 

A  di 


From  equation  (10)  it  can  be  seen  that  AT(r,z),  A0(r),  and  hence  the  resulting  beam 
distortion,  depend  on  the  transverse  intensity  distribution  Ip(r)  of  the  pump  beam.  For 
high-power  diode  bars  Ip(r)  has  a  transverse  profile  somewhere  between  Gaussian 
and‘top-hat’  depending  on  the  output  characteristics  of  the  diode-bar  and  on  the 
particular  pump  beam  delivery  scheme  used.  For  the  pump  delivery  scheme  used  in  our 
experiments  the  pump  intensity  profile  is  better  approximated  to  a  Gaussian.  However, 
to  illustrate  the  importance  of  the  pump  beam  profile  and  its  effects  on  the  thermal 
lensing  we  will  consider  both  cases  of  ‘top-hat’  and  Gaussian  intensity  profiles. 

5.1.  ‘TOP-HAT’  PUMP  INTENSITY  PROFILE 

In  the  case  of  a  uniform  pump  intensity  Ip=Pp/7rWp^  for  r  <Wp  and  lp=0  for  r>  Wp,  then 
from  equations  (7),  (10)  and  (1 1)  it  can  be  show  that  the  phase  difference  A0(r)  is  given 
by 
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A(t)(r)  = 


2-  dn'i 


dT 


2AKX  ; 


(12) 


for  r<Wp,  and 


A<f)(r)  = 


2XK.  J 

(13) 


for  r  >  Wp.  Hence  the  A<^(r)  increases  quadratically  with  r  for  r  <  Wp  and  logarithmically 
with  r  for  r>Wp. 

5.2.  GAUSSIAN  PUMP  INTENSITY  PROFILE 

In  the  case  of  a  pump  beam  with  Gaussian  intensity  profile; 
Ip(r) = (2Pp/ 7rWp^)exp(  -2r^/Wp^),  it  can  be  shown  that  the  phase  difference  A0(r)  is  given 
by 


A<|>(r)  = 


(n  6n] 

_Y  1 

1 

n 

2nn! 

(14) 


and  hence  A</)(r)  has  a  more  complicated  dependence  on  r  which  approximates  to  a 
quadratic  dependence  only  when  r-^Wp. 

In  laser  materials  such  as  Nd:  YAG  the  major  contribution  to  thermal  lensing  arises 
from  the  temperature  dependence  of  the  refractive  index,  with  the  stress  dependence  of 
the  refractive  index  and  end-face  bulging  resulting  in  only  relatively  weak  additional 
contributions  to  lensing,  as  will  be  seen  later.  Under  these  conditions  the  approximate 
focal  length  of  the  thermal  lens  fj  can  be  calculated  by  substituting  the  term  in  A<^(r) 
which  is  quadratic  in  r  into  the  following  expression  [19]: 
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f,= 


XA^{t) 


(15) 


This  assumes  that  the  lens  is  a  ‘thin*  lens  (i.e.  l/otp^ft),  which  is  usually  a  good 
approximation  in  end-pumped  lasers.  However,  equation  (15)  only  gives  the  focal 
length  experienced  by  the  central  portion  of  the  laser  beam,  and  hence  is  of  limited 
value  in  formulating  a  strategy  for  resonator  design  since  it  does  not  provide  any 
information  on  the  aberrated  nature  of  the  lens,  or  any  means  for  estimating  the 
degradation  in  laser  beam  quality.  Hence,  it  is  ntore  appropriate  to  consider  an 
aberrated  thermal  lens  as  one  whose  focal  length  varies  radially.  For  a  thin  thermal  lens 
with  a  given  radially  varying  phase  difference  A0(r)  an  approximate  expression  for  the 
focal  length  ft(r)  can  be  derived  from  simple  geometrical  considerations  (shown  in 
fig. (5).  The  resulting  expression  is: 


f  ,(r)  = 


2iir 


dA(|>(r) 


dr 


(16) 


Thermal 

lens 


Wavefronts 


Figure  5  Radial  variation  in  focal  length  for  an  aberrated  thermal  lens. 


From  equation  (16)  it  can  be  seen  that  if  A(^  cxi^^  then  ^(r)  is  a  constant  and  the  lens  has 
no  phase  aberration,  and  hence  will  not  degrade  the  beam  quality.  For  the  ‘top-hat’ 
pump  intensity  profile  described  above,  the  focal  length  is  given  by 
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II 

(rswp) 

f.(r)  = 

2TtK^r^ 

(r>Wp) 

dn 

(17) 


and  for  a  Gaussian  pump  intensity  profile  the  focal  length  is  given  by 


f.(r)  = 


2f,(0) 

1 

Wp^ 

l-exp(-2rVwp^ 

(18) 


where  f,(0)  is  the  focal  length  on  axis  at  r=0,  given  by 

f  (0)  =  (19) 

T>  dn 

From  the  expression  for  focal  length  (17),  (18)  and  (19)  we  can  compare  the  lens 
powers  for  ‘top-hat’  and  Gaussian  pump  intensity  profiles  for  otherwise  identical 
operating  conditions.  The  results  of  this  comparison  are  shown  in  fig.6,  where  it  can 
be  seen  that  the  thermal  lensing  on  axis  has  a  lens  power  that  is  a  factor-of-two  stronger 
for  the  Gaussian  pump  and  is  highly  aberrated  with  only  a  small  region  in  the  centre 
(r<^Wp)  having  essentially  constant  focal  length.  However  the  ‘top-hat’  pump  beam,  in 
addition  to  producing  a  much  weaker  lens  on  axis,  produces  a  lens  which  is  essentially 
unaberrated  over  the  pumped  region  (r<Wp).  For  r>Wp  the  lens  power  varies  in  a 
similar  fashion  for  both  Gaussian  and  ‘top-hat*  pump  beams.  Thus,  the  transverse 
intensity  profile  of  the  pump  beam  is  a  very  important  factor  in  determining  the  thermal 
lens  power  and  its  phase  aberration.  From  fig.  6  it  can  be  seen  that  in  order  to 
minimise  the  thermal  lensing  and  beam  distortion  a  ‘top-hat’  pump  beam  would  be 
preferable  to  a  Gaussian  pump  beam.  However,  a  ‘top-hat’  pump  beam  has  the 
disadvantage  that  the  threshold  pump  power  can  be  up  to  a  factor-of-two  higher,  and  the 
slope  efficiency  for  TEM^  operation  can  be  significantly  lower  as  the  mode  profile  and 
inversion  profile  are  less  well  matched.  In  any  case,  in  practice  it  is  very  difficult  to 
achieve  a  pump  beam  with  a  ‘top-hat’  transverse  intensity  profile  without  a  significant 
loss  in  pump  power.  Hence  it  is  more  usual  to  simply  accept  whatever  the  pump 
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Figure  6  Predicted  thermal  lens  power  versus  radius  for  Gaussian  and  *top<hat' 
transverse  pump  intensity  profiles. 


delivery  scheme  provides  and  which  is  probably  best  approximated  by  a  Gaussian 
transverse  intensity  distribution. 


6.  Measurement  of  Thermal  Lensing 

To  test  validity  of  this  model  we  have  determined  the  thermal  lensing  in  a  diode-pumped 
Nd:YAG  rod,  via  a  measurement  of  the  phase  difference  as  a  function  transverse 
position  using  a  Mach-Zehnder  interferometer.  The  experimental  set-up  (shown  in 
fig.7),  consisted  of  a  10mm  long  Nd:YAG  rod,  antireflection  coated  at  the  lasing 
wavelength  ( 1 .064;4m)  and  the  pump  wavelength  ( -  809nm),  mounted  in  a  water-cooled 
copper  heat-sink,  which  was  end-pumped  by  a  20W  diode-bar.  The  diode-bar  was 
focused,  using  a  two-mirror  beam  shaping  arrangement  similar  to  that  shown  in  fig.  3, 
to  produce  a  nearly  circular  beam  with  radii;  Wp^=227;im  and  Wpy=224^m  and  beam 
qu^ity  factors;  M,^«78  and  My^»63  in  orthogonal  planes.  This  choice  of  beam  size 
is  representative  of  that  required  for  efficient  operation  on  some  of  the  lower  gain 
Nd: YAG  transitions  (e.g.  at  946nm  and  1 .32/im).  The  pump  beam  was  focused  through 
a  mirror  coated  for  high  reflectivity  (>99.8%)  at  1.064^m  and  high  transmission 
(>95%)  at  809nm  at  45®incidence,  resulting  in  a  maximum  of  14.2W  of  pump  light 
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Figure  7  Mach^Zchodcr  interferometer  for  measuring  the  thermally-induced  phase 
difference. 

incident  on  the  Nd:YAG  rod.  This  mirror  forms  part  of  the  Mach-Zehnder 
interferometer,  allowing  collinear  propagation,  along  the  pump  beam’s  optical  path,  of 
the  probe  beam  from  a  low-power  diode-pumped  single-frequency  Nd:YLF  ring  laser 
operating  at  1.053/im.  The  NdrYLF  laser  was  chosen  to  provide  the  probe  beam 
because  its  1.053/xm  output  experiences  negligible  gain  in  the  NdiYAG.  The  output 
from  the  interferometer  was  imaged  onto  a  CCD  camera,  which  was  used  to  monitor 
the  resulting  interference  pattern,  from  which  the  phase  difference  was  calculated. 
Since  it  was  anticipated  that  there  would  be  a  difference  in  thermal  loading  under 
nonlasing  and  lasing  conditions,  the  phase  difference  was  measured  under  both  operating 
conditions.  Laser  operation  at  1.064/im  was  achieved  using  the  single  three-mirror 
resonator  show  in  fig. 7,  which  was  aligned  non-coUinearly  at  the  smallest  possible  angle 
to  the  pump  beam,  whilst  allowing  the  NdrYLF  probe  beam  unattenuated  passage 
through  the  NdrYAG  rod.  At  the  maximum  pun^  power  the  laser  produced  -6W  of 
output  in  a  multi-transverse-mode  beam. 

Under  lasing  conditions  at  the  maximum  available  pump  power,  the  measured  phase 
difference  as  a  function  of  radial  position  is  shown  in  fig. 8(a).  The  solid  line  in  fig.8(a) 
is  the  parabolic  curve  which  is  the  best  fit  to  the  phase  difference  data  close  to  the 
centre  of  the  pumped  region.  This  indicates  the  phase  difference  profile  that  would  be 
measured  for  a  perfect  (unaberrated)  lens,  and  corresponds  to  a  focal  length  of 
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»  60mm.  The  deviation  from  the  ideal  parabolic  phase  difference  profile,  shown  in  fig. 
8(b),  reveals  the  highly  aberrated  nature  of  the  thermal  lens  with  the  phase  aberration 
becoming  increasingly  pronounced  for  r>Wp.  The  resulting  radial  variation  in  focal 


Figure  8(a)  .  Phase  difference  as  a  function  of  radial  position  under  lasing  conditions. 


Figure  8(b)  Deviation  of  phase  difference  from  the  ideal  parabolic  phase  difference 
profile. 

length  can  be  calculated  from  the  experimental  data  using  equation  (16),  and  compared 
with  predicted  variation  in  focal  length  for  a  Gaussian  pump  beam  given  by  equation 
(18),  where  it  is  assumed  that  Kc=13Wm'*K"‘,  dn/dT=9.86xl0“®K*^  for  YAG  [20], 
7*0.32  [21]  for  1.064/im  operation,  Wp=235|tm,  and  The  result  of  this 

comparison  is  shown  in  fig.  9,  where  the  predicted  values  for  focal  length  (dashed  line) 
correspond  to  a  slightly  weaker  lens  than  was  measured  in  practice,  l^s  can  be  easily 
explained  since  the  theoretical  model  takes  into  account  the  contribution  to  lensing  which 
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arises  only  from  the  temperature  dependence  of  the  refractive  index,  whereas  the 
experimental  values  for  focal  length  also  include  the  contributions  arising  from  end-face 
bulging  and  the  radial  stress  dependence  of  the  refractive  index.  From  independent 
measurements  of  the  stress-induced  birefringence,  using  the  Mach-Zehnder 


Radius  (pm) 


Figure  9  Radial  dependence  of  the  thermal  lens  focal  length.  (The  solid  line  was 
calculated  from  the  measured  phase  difference  data.  The  dashed  line  represents 
&e  predicted  radial  dependence  of  focal  length  for  a  Gaussian  pump  beam  taking 
into  account  the  contribution  due  to  the  temperature  dependence  of  refractive 
index  only.  The  dotted  line  represents  the  predicted  radial  variation  in  focal 
length,  modified  to  take  into  account  the  measured  contributions  to  tensing  from 
the  stress  dependence  of  refractive  index  and  end-face  bulging. 


interferometer,  and  the  end-face  curvature,  using  a  Michelson  interferometer,  we  were 
able  to  show  that  the  relative  contributions  to  thermal  lensing  are  approximately;  86% 
due  to  temperature  dependence  of  refractive  index,  8%  due  to  end-face  curvature  and 
6%  due  to  radial  stress  dependence  of  refractive  index.  Taking  into  account  these 
additional  contributions  and  simply  multiplying  equation  (19)  for  f,{0)  by  0.86  results 
in  a  predicted  focal  length  given  by  the  dotted  line  in  fig.  9,  which  is  in  good  agreement 
with  the  experimental  data.  However,  as  a  consequence  of  the  Gaussian  pump  beam 
approximation  the  predicted  values  for  focal  length  are  slightly  shorter  than  the 
experimental  values  in  the  centre  of  the  pumped  region. 

The  measured  variation  of  lens  power  at  r=0  with  absorbed  pump  power  for  both 
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lasing  and  non-lasing  conditions  is  plotted  in  fig.  10.  In  both  cases  there  is  a  small 
departure  from  the  linear  dependence  on  ptimp  power  predicted  by  equation  (18), 
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Figure  10  Thcnnal  lens  power  at  r=0  versus  absorbed  pump  power  under  lasing  and  non- 
lasing  conditions. 

However  the  most  striking  feature  is  the  ~  factor-of-two  stronger  lensing  under  non¬ 
lasing  conditions.  A  full  explanation  for  this  is  not  yet  available,  but  it  is  thought  that 
it  is  at  least  in  part  due  to  upconversion  processes  [22]  leading  to  increased  thermal 
loading  under  non-lasing  conditions. 


7.  The  Effect  of  Thermal  Lensing  on  Beam  Quality 

The  highly  aberrated  nature  of  the  thermal  lens  can  lead  to  significant  beam  distortion. 
In  order  to  minimise  this  distortion,  and  hopefully  achieve  near  to  diffraction-limited 
operation,  at  high  pump  powers  it  is  useful  to  have  a  quantitative  model  which  predicts 
the  degradation  in  beam  quality  in  a  given  situation.  In  ref.  23  it  is  shown  that  a  laser 
beam  with  a  Gaussian  intensity  profile  and  initial  beam  quality  factor  Mj^,  after 
propagating  through  a  lens  of  focal  length  f  which  produces  a  phase  distortion  A0(r)  of 
the  form 
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(20) 


will  suffer  a  degradation  in  beam  quality  with  the  resultant  beam  quality  factor 
being  given  by 


(21) 


is  the  additional  contribution  to  the  beam  quality  factor  due  to  the  quartic  phase 
aberration  given  by 


2  ShC^Wl 
M  = - — 


(22) 


where  C4  is  the  quartic  phase  aberration  coefficient.  By  comparison  of  equations  (14) 
and  (20)  it  can  be  seen  that  the  phase  distortion  caused  by  thermal  lensing  in  end- 
pumped  lasers  is  generally  more  complicated  than  the  example  considered  in  ref.  23. 
However,  if  we  restrict  our  consideration  to  the  situation  where  the  laser  beam  size  is 
small  compared  to  the  pump  beam  size,  so  that  we  neglect  terms  higher  than  the  quartic, 
then  is  given  by  the  expression: 


Wl 

J 

4 

P/ 

(23) 


The  above  expression  indicates  that  in  addition  to  its  dependence  on  the  power  dissipated 
as  heat  and  the  thermo-optical  and  thermo-mechanical  properties  of  the  laser  material, 
the  degradation  in  beam  quality  also  depends  very  strongly  on  the  ratio  of  the  laser 
beam  radius  to  the  pump  beam  radius.  If  Wl<  Wp  then  the  beam  quality  is  less  strongly 
influenced  by  thermally-induced  aberrations,  and  in  the  limit  where  w^/Wp-K),  then 
Mq^-»1.  However,  if  WL^Wp  then  even  a  weakly  aberrated  lens  can  result  in  a  marked 
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degradation  in  the  beam  quality.  The  physical  explanation  for  this  is  that  the 
degradation  in  beam  quality  depends  on  the  wavefront  distortion  introduced  by  the  non¬ 
parabolic  phase  aberrations  of  the  thermal  lens.  A  laser  beam  with  small  beam  radius, 
and  hence  a  short  Rayleigh  range,  will  have  spherical  wavefronts  of  comparatively  high 
curvature  and  hence  the  relative  deviation  in  phase  introduced  by  the  aberrated  thermal 
lens  will  be  much  smaller  than  would  be  the  case  for  a  beam  with  a  larger  radius. 

One  further  point  to  note  is  that  the  presence  of  highly  aberrated  thermal  lensing  is 
not  exclusive  to  end-pumping  with  high-power  diodes.  In  fact  the  ability  to  generate 
strong  lensing  is  actually  determined  by  on  the  brightness  of  the  diode  pump  source. 
Low  power  diodes  are  generally  much  brighter  than  high-power  diode-bars,  and  hence 
can  produce  very  strong  and  highly  aberrated  thermal  lensing.  The  fact  that  there  has 
been  little  degradation  in  laser  beam  quality  observed  in  low  power  diode-pumped  lasers 
is  actually  because  typical  pump  beam  sizes,  and  hence  the  laser  mode  sizes  employed, 
tend  to  be  rather  small,  resulting  in  a  much  shorter  Rayleigh  range  than  for  the  larger 
mode  sizes  required  for  high-power  pump  sources.  Thus  the  degradation  in  beam 
quality  at  high  pump  powers  is  actually  caused  by  the  combination  of  thermally-induced 
aberrations  and  the  requirement  for  comparatively  large  TEM^o  mode  sizes  which  have 
a  Rayleigh  range  comparable  to  or  greater  than  the  thermal  lens  focal  length. 


8.  Beam  Quality  Degradation  and  Depolarisation  Loss 

The  above  simplified  model  for  degradation  in  beam  quality  is  strictly  only  valid  in  the 
regime  where  WL^Wp.  To  confirm  the  validity  of  this  model  and  to  investigate  its 
effectiveness  outside  this  operating  regime  we  have  performed  a  simple  experiment  to 
measure  the  increase  in  for  a  diffraction-limited  laser  beam  after  a  single-pass 
through  a  diode-pumped  Nd:YAG  rod.  The  experimental  arrangement  (shown  in 
fig.  11),  was  very  similar  to  that  used  for  thermal  lensing  measurements  shown  in  fig.7. 
The  main  difference  was  that  the  second  arm  of  the  interferometer  was  removed  and  the 
CCD  camera  replaced  by  a  Coherent  Modemaster  to  measure  the  factor.  The 
increase  in  value  was  measured  under  non-lasing  and  lasing  conditions  for  a  series 
of  different  Nd:YLF  probe  beam  sizes  in  the  Nd:YAG  rod. 

The  results  of  this  investigation  (shown  in  fig.  12)  indicate  a  marked  increase  in  the 
value  with  probe  beam  size,  due  to  the  effect  of  thermally-induced  lens  aberrations. 
It  is  also  apparent  that  the  values  measured  under  non-lasing  conditions  are 
significantly  worse  than  those  measured  under  lasing  conditions.  This  appears  to  imply 
appreciably  greater  thermal  loading  under  non-lasing  conditions  (by  approximately  a 
factor  of  -2)  at  high  pump  intensities,  and  is  consistent  with  the  thermal  lens 
measurements  under  lasing  and  non-lasing  conditions.  The  calculated  value  for 
under  lasing  conditions  is  also  plotted  in  fig.  12.  From  close  inspection  of  the  data  it 
can  be  seen  that  for  good  beam  quality  (i.e  <  1 . 1),  then  as  a  rough  guide  we  require 

a  laser  beam  radius  Wo<140/im.  The  approximate  analytical  model  is  in  reasonable 
agreement  with  the  measured  values  up  to  larger  beam  size  of  »180/tm  (i.e. 
Wt/Wp  »0,77),  hence  it  can  serve  as  a  good  guide  as  to  the  maximum  value  for  the  ratio 
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Figure  11  Experimental  set-up  for  measuring  degradation  in  beam  quality  and 
depolarisation  loss  after  a  single-pass  through  the  diennal  lens  under  lasing  and 
non-lasing  conditions. 


Beam  radius  (mm) 


Figure  12  Single-pass  degradation  in  beam  qualx^  versus  probe  beam  size.  The  dotted  line 
shows  the  beam  degradation  factor  for  laser  operation  at  1.064/cm. 
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w^/Wp  that  can  be  used  without  significantly  degrading  the  beam  quality.  For  larger 
the  predicted  values  for  are  higher  than  the  experimental  values  because  the  quartic 
phase  aberration  approximation  gives  a  much  larger  departure  from  the  ideal  quadratic 
phase  difference  than  is  the  case  in  practice. 

In  addition  to  beam  quality  another  important  factor  is  the  depolarisation  loss  due 
to  thermally-induced  stress-birefringence.  This  depends  on  a  number  of  parameters 
including  the  punq)  and  laser  beam  sizes.  Unfortunately,  calculating  the  depolarisation 
loss  for  a  Gaussian  pump  is  in  general  rather  complicated,  so  instead  we  have  simply 
measured  it  using  the  experimental  arrangement  shown  in  fig.  1 1 ,  with  the  Mode-master 
replaced  by  a  polariser.  The  single-pass  depolarisation  loss  is  plotted  in  fig.  13  as  a 
function  of  laser  beam  size  under  both  lasing  and  non-lasing  conditions.  It  can  be  seen 
that  there  is  a  significant  increase  in  depolarisation  loss  as  the  laser  beam  size  increases. 
Furthermore  the  loss  is  significantly  higher  under  non-lasing  conditions,  which  is  again 
consistent  with  a  factor  of  —2  extra  heat  loading. 
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Figure  13  Single-pass  depolarisation  loss  versus  probe  beam  size. 


9.  Resonator  Design  Strategy 

It  is  clear  from  the  preceding  section  that  in  order  to  avoid  significant  degradation  in 
beam  quality  and  depolarisation  loss  for  the  TEM^^  mode  at  high  pump  power,  it  is 
necessary  to  use  a  resonator  with  a  TEMpo  radius  in  the  laser  rod  which  is  significantly 
smaller  that  the  pump  beam  radius.  This  is  in  contrast  to  the  situation  at  low  powers 
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where  it  is  generally  accepted  that  one  should  use  a  resonator  design  with  WL>Wp  for 
efficient  TEM^  operation.  At  high  pump  powers,  the  smaller  the  ratio  wJWp  the  lower 
the  depolarisation  loss  and  the  smaller  the  degradation  in  beam  quality.  Unfortunately 
one  can  not  simply  choose  a  resonator  with  an  arbitrarily  small  laser  mode  size,  since 
there  will  then  be  a  significant  amount  of  undepleted  inversion  in  the  pumped  region  not 
occupied  by  the  laser  mode,  leading  to  multi-transverse  mode  oscillation  and  hence  a 
non-diffraction-limited  laser  output.  In  practice  therefore,  it  is  necessary  to  use  the 
largest  possible  laser  mode  size  without  significantly  increasing  the  value  and  the 
depolarisation  loss.  The  upper  limit  on  the  TEM^„  size  that  can  be  used  for  laser 
operation  with  for  example,  <  1 . 1 ,  is  difficult  to  calculate,  but  a  rough  value  can  be 
estimated  from  the  experimental  data  on  single-pass  beam  degradation  and  the  discussion 
of  the  preceding  section.  One  important  question  that  now  arises  is  which  of  the  two 
requirements,  that  is,  for  good  beam  quality  or  low  depolarisation  loss,  determines  the 
upper  limit  on  the  laser  mode  size.  For  relatively  high  gain  laser  transitions,  such  as 
the  1.064/im  line,  a  relatively  high  depolarisation  loss  - 1  %  per  pass  can  be  tolerated 
without  causing  a  signifrcant  decrease  in  efficiency.  Hence,  from  comparison  of  figs. 
12  and  13,  it  can  be  seen  that  the  requirement  for  good  beam  quality  determines  die 
upper  limit  on  the  laser  mode  size.  However,  for  low  gain  laser  transitions  (e.g.  the 
946nm  line)  a  much  smaller  depolarisation  loss  is  required,  indicating  that  the  upper 
limit  on  the  mode  size  is  dictated  by  the  requirement  for  low  depolarisation  loss. 
Regardless  of  the  situation,  the  laser  mode  size  must  still  be  appreciably  smaller  than 
the  pump  beam  size  and  hence  there  is  still  the  problem  of  some  undepleted  inversion 
in  the  wings  of  the  pumped  region  which  can  lead  to  lasing  on  higher-order  transverse 
modes. 

One  solution  to  this  problem  is  to  simply  use  an  aperture  to  discriminate  against  the 
unwanted  higher-order  modes.  However,  this  has  the  disadvantage  that  it  can 
significantly  increase  the  loss  for  the  fundamental  mode  and  hence  be  detrimental  to  the 
efficiency.  An  alternative  approach  is  to  make  use  of  the  radially  varying  focal  length 
of  the  thermal  lens  to  provide  the  required  discrimination.  This  is  based  on  the 
principle  that  higher-order  transverse  modes,  by  virtue  of  their  larger  beam  size  than 
the  TEMqo  mode,  will  see  a  thermal  lens  with  an  effective  focal  length  which  is  longer 
than  that  seen  by  the  TEM^q  beam.  Hence,  choosing  a  resonator  design  where  the  mode 
size  decreases  with  increasing  focal  length  of  the  thermal  lens,  will  effectively  decrease 
the  ratio  of  beam  sizes  of  the  higher-order  transverse  modes  to  the  TEM^q  mode.  This 
results  in  a  decrease  in  available  gain  for  higher-order  modes  by  virtue  of  their  stronger 
spatial  overlap  with  the  fundamental  mode,  hence  suppressing  their  oscillation. 


10.  Experiments  on  Power-scaling  End-pumped  Nd:YAG  Lasers 

To  investigate  the  potential  benefits  of  this  approach  we  have  performed  a  number  of 
experiments  on  a  Nd:  YAG  laser  end-pumped  by  a  high-power  diode-bar.  The  pumping 
scheme  used  is  identical  to  that  described  in  earlier  sections,  delivering  a  maximum  of 
14.2W  in  a  nearly  circular  beam  of  radius  Wp  «225/im.  The  resonator  design  employed 
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was  a  simple  folded  cavity  (fig.  14),  consisting  three  mirrors;  two  plane  mirrors,  one 
having  high  transmission  (>96%)  at  the  pump  wavelength  (809nm)  and  5% 
transmission  at  the  lasing  wavelength  (1.064/im)  and  the  other  with  a  transmission  of 
2%  at  1.064;im,  and  a  curved  high  reflector  of  radius  of  curvature  100mm.  The  10mm 


Figure  14  Resonator  design  for  Nd:YAG  laser  experiments. 

long  Nd:  YAG  laser  rod  was  mounted,  as  before,  in  a  water-cooled  copper  heat-sink  in 
close  proximity  to  the  pump  input  mirror.  The  use  of  two  output  couplers  facilitated 
simultaneous  monitoring  of  the  laser  output  power,  beam  quality  factor  and  transverse 
intensity  profile  of  the  output  beam,  whilst  having  the  additional  advantage  of  allowing 
easy  determination  of  the  laser  mode  size  at  the  pump  input  mirror,  and  hence  in  the 
laser  rod,  without  a  knowledge  of  the  resonator  design  and  the  effect  of  the  thermal 
lens.  This  simple  folded  cavity,  by  varying  the  distances  dj  and  62  between  the  curved 
mirror  and  the  two  plane  mirrors,  provided  enough  flexibility  in  resonator  design  to 
allow  a  detailed  investigation  of  the  requirements  for  efficient  TEM^o  operation. 

Using  the  standard  ABCD  matrix  formalism  for  resonator  design  [24],  it  can  be 
shown  that  the  requirement  for  a  decrease  in  laser  mode  size  in  the  rod  with  increasing 
focal  length  of  the  thermal  lens  can  be  realised  in  this  simple  folded  cavity  (fig.  14)  by 
choosing  an  effective  optical  length  for  arm  1  to  be  just  less  than  the  sum  of  the  focal 
lengths  of  the  curved  high  reflector  and  the  thermal  lens  focal  length  (—60mm  at  the 
maximum  pump  power).  In  our  experiment  the  length  dj  was  set  to  109mm  with  the 
angle  of  incidence  on  the  curved  mirror  made  small  (<5°)  to  render  the  effects  of 
astigmatism  negligible.  The  avoidance  of  astigmatism  is  a  particularly  important  aspect 
of  the  resonator  design  given  that  the  requirement  for  a  large  decrease  in  laser  mode 
size  with  increasing  thermal  lens  focal  length  typically  implies,  as  in  this  case,  operating 
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close  to  the  edge  of  stability.  Thus  in  addition  to  using  a  small  angle  of  incidence  on 
the  curved  mirror,  it  is  also  important  to  avoid  any  astigmatism  in  the  thermal  lensing, 
due  to,  for  exan^le,  an  elliptical  pump  beam  or  a  pump  beam  with  values  in 
orthogonal  planes  which  differ  significantly.  Having  set  the  value  for  d,  to  give  the 
required  resonator  response  to  the  vaiying  thermal  lens  focal  length,  the  required  TEM^o 
size  in  the  laser  rod  can  be  obtained  by  simply  adjusting  the  arm  length  d,.  Calculated 
values  for  the  TEM^  beam  radius  at  the  laser  rod  are  plotted  as  a  function  of  thermal 
lens  focal  length  for  different  values  of  dj  in  fig.  15.  Without  a  polariser  present  in  the 
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Figure  15  TEM^,  radius  versus  arm  length  d;. 


cavity  and  at  the  maximum  available  pump  power  of  14.2W,  it  was  found  that  TEM«, 
operation  (M^<1.1)  could  in  practice  be  achieved  for  a  small  range  of  values  d2  of 
approximately  (70±0.5)mm,  resulting  in  a  maximum  output  power  of  6.2W  (fig.  16). 
Inserting  a  Brewster-angled  plate  into  the  cavity  resulted  in  a  linearly  polarised,  TEM^^ 
output  (M2<1.1)  of  slightly  lower  output  power  5.5W,  the  reduction  caused  by  m 
additional  cavity  loss  of  —1%  due  to  thermally-induced  stress  birefringence.  This 
depolarisation  loss  is  consistent  with  our  expectations  based  on  the  experimental  data  for 
single-pass  d^larisation  loss  (fig.  13)  and  the  measured  laser  mode  rSdius  of  165/im, 
which  is  sigmficantly  smaller  than  the  pun^  beam  radius.  One  interesting  observation 
was  that  the  reliability  of  TEM^q  operation  was  improved  as  a  result  of  including  a 
polariser  in  the  cavity  and  additionally,  had  the  benefit  of  extending  the  range  of  arm 
lengths  d2,  and  hence  the  range  of  laser  mode  sizes,  over  which  near  diffraction-limited 
operation  can  be  maintained.  This  can  be  attributed  to  the  additional  transverse  mode 
discrimination  provided  by  the  polariser  by  virtue  of  the  fact  that  higher-order  transverse 
modes  with  larger  beam  sizes  see,  on  average,  a  larger  stress-induced  birefringence  and 
hence  experience  increased  depolarisation  loss  at  the  polariser  compared  to  the  smaller 
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fundamental  mode.  However,  as  expected  for  both  polarised  and  unpolarised  lasers, 
diffraction-limited  beam  quality  could  only  be  maintained  for  a  small  range  of  pump 
powers  (typically  <4W)  close  to  the  maximum  power.  At  lower  powers  the  laser  mode 
size  is  r^uced,  due  to  the  weaker  thermal  lens,  hence  the  laser  operates  on  many 
transverse  modes.  However,  TEMqo  mode  operation  could  in  principle  be  maintained 
over  the  full  power  range  by  careful  selection  and  positioning  of  an  aperture  designed 
to  strongly  discriminate  against  higher-order  transverse  mode  oscillation  at  low  ptimp 
powers,  while,  by  virtue  of  the  change  in  laser  modes  size  with  increasing  pump  power, 
providing  less  discrimination  at  high  powers.  In  this  way  the  laser  efficiency  at  high 
powers  would  not  be  affected.  However,  this  approach  would  still  have  the 
disadvantage  that  the  laser  beam  size  and  divergence  would  change  with  pump  power. 
Thus  for  some  applications  simply  operating  at  die  maximum  pump  power  and  using  an 
external  attenuator  to  vary  the  power  might  prove  to  be  a  more  attractive  alternative. 


Pump  power  absorbed  (W) 


Figure  16  Nd:YAG  laser  output  power  at  l.064/im  versus  absorbed  pump  power. 


To  provide  additional  confirmation  of  the  benefits  of  this  resonator  design  ^proach, 
and  in  particular,  to  demonstrate  the  importance  of  using  a  resonator  with  a  laser  mode 
size  which  decreases  with  increasing  thermal  lens  focal  length,  we  have  also  investigated 
the  behaviour  of  a  similar  folded  cavity,  but  this  time  with  arm  lengths  dj  and  62 
selected  to  give  a  laser  mode  radius  similar  to  that  used  in  the  previous  experiment  (i.e. 
-165/im),  but  one  which  does  not  vary  appreciably  with  rod  focal  length.  At  the 
maximum  available  pump  power,  a  folded  cavity  with  di=5  80mm  and  di^SOvam 
roughly  satisfies  these  requirements.  This  type  of  resonator  might  be  have  been 
considered  as  an  attractive  choice  for  a  laser  whose  output  characteristics  (beam  size  and 
divergence)  would  not  be  strongly  influenced  by  then^  lensing.  However  in  practice 
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the  minimum  beam  quality  factor  attainable  for  this  resonator  configuration  was  >2. 
This  serves  to  illustrate  the  importance  of  using  a  resonator  which  satisfies  both  of  our 
design  criteria,  namely  that  the  TEM^  size  should  be  significantly  less  than  the  pump 
beam  size  and  that  the  laser  mode  size  should  decrease  with  increasing  thermal  lens 
focal  length. 

This  design  strategy  has  been  successfully  applied  to  other  diode-bar-end-pumped 
Nd:YAG  lasers  operating  on  lower  gain  transitions  at  946nm  [9]  and  at  13fim  [25], 
yielding  diffraction-limited  performance  up  to  power  levels  of  2.7W  and  3.2W 
respectively.  However,  due  to  their  relatively  low  gain,  both  of  these  lasers  when 
operated  with  Brewster  plate  polarisers,  provided  significantly  lower  powers  due  to  the 
depolarsiation  loss  resulting  from  thermally-induced  birefringence.  In  the  case  of  the 
946nm  Nd: YAG  laser  a  maximum  polarised  output  of  2.  IW,  and  for  1 .3/xm  operation, 
a  maximum  linearly  polarised  output  of  —  1 .75W  were  achieved.  In  the  latter  case  the 
much  higher  heat  loading  density,  which  results  from  the  larger  quantum  defect,  makes 
it  more  difficult  to  achieve  an  efficient,  linearly  polarised  TEM^o  output. 


11.  Power-scaling  Limit 

The  ultimate  limit  to  power-scaling  of  any  laser  is  essentially  determined  by  the 
stress-fracture  limit.  However,  there  are  numerous  brightness-dependent  applications 
in  areas  such  as  non-linear  optics  and  materials  processing  where  scaling  to  hi^  powers 
must  be  achieved  without  significant  degradation  in  beam  quality.  In  this  case,  given 
that  there  are  numerous  techniques  for  the  compensation  of  thermally-induced  stress- 
birefringence,  it  is  in  fact  beam  quality  degradation  due  to  the  highly  aberrated  thermal 
lensing  which  effectively  limits  the  maximum  power  that  can  be  achieved.  The  strategy 
for  resonator  design  described  in  section  9  provides  a  means  for  reducing  the  effects  of 
the  aberrated  lens  on  beam  quality,  but  it  does  not  allow  indefinite  power-scaling  with 
the  maintenance  of  diffraction-limited  beam  quality.  We  can  establish  a  very  rough 
guide  to  the  maximum  power-scaling  limit  by  requiring  that  Mq2<0.46  (corresponding 
to  M^<  1.1).  The  net  result,  obtained  from  equation  (23),  is  that  the  maximum  pump 
power  used  must  satisfy  the  following  condition  for  good  beam  quality: 


^pmax  ^ 


0.65 

4  dn 
PYU.^- 


(24) 


where  p— WL/Wp.  It  should  be  noted  however  that  the  above  condition  is  only  a  rough 
guide,  since  it  considers  only  a  single-pass  through  the  laser  rod,  and  is  only  valid  for 
^L’^Wp.  It  might  appear  from  (24)  that  the  maximum  useful  pump  power  is 
independent  of  the  actual  pump  beam  and  laser  mode  size,  and  is  only  dependent  on 
their  ratio.  At  first  sight  this  seems  counter-intuitive  since  one  might  have  expected  a 
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limit  dependent  on  pump  intensity,  which  would  have  then  allowed  further  power¬ 
scaling  by  simply  using  a  larger  beam  pump  beam  size.  However,  the  explanation  for 
this  is  as  follows:  Using  a  larger  pump  beam  size  to  reduce  the  pump  intensity,  and 
hence  the  phase  aberration,  would  also  necessitate  the  use  of  a  larger  laser  mode  size 
to  allow  efficient  extraction  of  the  gain,  which  would  have  a  longer  Rayleigh  range. 
Given  that  beams  with  a  longer  Rayleigh  range  are  more  susceptible  to  beam  distortion 
via  phase  aberrations,  the  net  result  of  increasing  the  pump  beam  size  would  be  to  leave 
the  value  for  ^proximately  unchanged.  Thus,  from  the  point  of  view  of  optimising 
the  laser  efficiency  it  could  be  argued  that  it  is  in  fact  much  bener  to  use  the  smallest 
possible  pump  beam  size,  and  hence  laser  mode  size,  to  allow  efficient  utilisation  of  the 
inversion  in  the  wings  of  the  pumped  region.  Obviously,  this  requires  a  high-power 
diode  pump  source  with  reasonably  good  beam  quality.  The  main  disadvantage  of 
intense  pumping  however  is  that,  due  to  the  very  strong  thermal  lensing  which  results, 
TEMqo  operation  can  only  be  maintained  over  a  very  small  power  range  without  the  use 
of  apertures. 

Fig.  17  gives  a  rough  guide  to  the  maximum  pump  power  that  can  be  used  for  a 
diode-pumped  Nd:  YAG  laser  at  1 .064/im  with  different  values  of  p.  This  indicates  that 
the  condition  WL^Wp  for  good  beam  quality  at  low  pump  powers  becomes  invalid  for 
pump  powers  in  excess  of  a  few  watts.  Thus  to  avoid  significant  TEMqo  beam  distortion 


Figure  17  Rough  guide  to  the  maximum  incident  pump  power  for  low  TEMm  1’^^ 
degradation  as  a  function  of  p. 

when  scaling  to  higher  pump  powers  it  is  necessary  to  use  progressively  smaller  values 
for  p.  However,  if  the  ratio  p  is  too  small  then  the  undepleted  inversion  in  the  wings 
of  the  pumped  region  leads  to  multi-transverse  operation,  even  when  using  a  resonator 
selected  to  satisfy  the  condition  that  the  TEM^o  mode  size  decreases  with  increasing 
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thermal  lens  focal  length.  Under  these  conditions  an  aperture  is  required  to  provide  the 
extra  discrimination  to  prevent  oscillation  on  higher-order  modes.  However,  since  the 
TEMqo  intensity  is  very  low  in  the  wings  of  the  pumped  region  it  is  difficult  to  utilise 
the  undepleted  inversion,  hence  the  efficiency  decreases.  The  implication  of  this  is  that 
there  is  a  very  definite  power-scaling  limit  for  diffraction-limited  end-pumped  solid-state 
lasers  due  to  thermal  lensing.  For  a  Nd:YAG  laser  operating  at  1.064^m  employing 
an  edge-cooled  rod  geometry  and  no  compensation  of  the  phase  aberration,  this  limit  is 
probably  less  than  -  20W .  This  is  well  below  the  maximum  multimode  output  power 
achievable. 


12.  Power-scaling  with  Nd:YLF 

One  approach  to  allow  further  power-scaling,  without  resorting  to  a  change  of  heat-sink 
configuration  or  the  use  of  compensating  components  for  the  phase  aberration,  is  to  use 
laser  materials  which  have  characteristics  better  suited  to  operation  at  high  powers.  One 
laser  material  which  has  recently  received  growing  interest  is  Nd:YV04.  The  main 
attraction  of  Nd:YV04,  apart  from  its  natural  birefringence,  is  its  high  product, 
which  is  -factor-of-two  times  larger  than  for  NdiYAG  at  1.064^m,  and  its  short 
absorption  length  (<lmm)  for  diode  pump  light  at  -809nm.  The  latter  allows  for 
much  tighter  focusing  of  the  pump  source  allowing  the  use  of  a  relatively  small  laser 
mode  size.  Its  low  saturation  intensity  in  combination  with  the  use  of  a  small  mode  size 
allows  for  better  extraction  of  the  gain  in  the  wings  of  the  pumped  region  and  hence  the 
use  of  resonator  designs  with  smaller  values  of  p,  thus  allowing  scaling  of  TEM^^ 
operation  to  higher  powers  (e.g.  [1]).  The  main  disadvantage  of  Nd:YV04  howeve^ 
is  that  it  exhibits  quite  strong  thermal  lensing,  comparable  to  Nd:YAG,  thus  making  it 
difficult  to  ensure  TEM^q  operation  of  the  full  range  of  pump  power  without  the  use  of 
apertures. 

An  alternative  laser  material  which  offers  some  attractions  for  further  power-scaling 
is  Nd:YLF.  In  addition  to  its  natural  birefringence,  Nd:  YLF  has  the  attraction  that  on 
the  or-polarisation  (corresponding  to  1.053pm  operation)  the  thermal  lensing  is  very 
weak.  This  is  due  to  the  combination  of  a  small,  negative  value  for  dn/dT  (i.e.  - 
2x10’®)  and  a  positive  contribution  to  thermal  lensing  from  end-face  bulging  which 
substantially  offsets  the  negative  lensing.  The  net  result  is  that,  for  the  same  thermal 
loading  density,  the  thermal  lensing  on  the  1 .053pm  transition  in  Nd:  YLF  is  -  six  times 
weaker  than  in  Nd:YAG.  However  Nd:YLF  suffers  from  the  problem  that  it  has  a 
stress-fracture  limit  which  is  -five  times  lower  than  Nd:YAG.  This  has  all  but  limited 
operation  of  Nd:YLF  lasers  in  cw  end-pumped  configurations  to  relatively  low  powers. 
However,  with  new  beam  shaping  techniques,  such  as  the  two  mirror  beam  shaper  [8], 
which  have  led  to  higher  brightness  pump  beams,  a  solution  to  the  fracture  problem  is 
now  presented.  This  involves  using  a  longer  Nd:YLF  rod  and  distributing  the  absorbed 
pump  power  over  a  longer  length  by  detuning  the  pump  wavelength  from  the  absorption 
peak,  or  using  a  rod  with  lower  Nd^-^  concentration.  The  pump  beam  with  its  improved 
beam  quality,  can  be  focused  to  a  relatively  small  beam,  but  with  a  long  Rayleigh 
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range,  = 7mWpVM-X,  chosen  to  be  comparable  to  or  greater  than  the  absorption  length 
for  the  pump.  In  this  way  the  pump  beam  size  is  kept  reasonably  constant  over  the 
length  of  the  Nd:YLF  crystal.  Previously  to  adopting  this  strategy,  the  1%  Nd-doped 
YLF  crystals  employed  in  our  experiments  were  found  to  fracture  for  diode  pump 
powers  in  the  range  of  lOW  to  14W,  when  using  pump  beam  radius  of  -300/im. 
UsingaO.5%  Nd-doped  YLF  crystal  oflength  15mm  and  a  wavelength  slightly  detuned 
from  the  peak  absorption,  results  in  an  effective  absorption  length  for  diode-bar  pump 
radiation  at  -'792nm  of  approximately  6mm.  This  allows  end-pumping  through 
opposite  end-faces  of  the  Nd:YLF  crystal  by  two  20W  diode-bars  whose  outputs,  each 
using  a  two-mirror  beam  shaper,  could  be  focussed  to  beam  sizes  of  -300/im,  without 
the  risk  of  fracture.  Using  this  approach  we  have  demonstrated  >  IIW  of  cw  output 
at  1 .053/im  in  a  TEM^o  beam  with  <  1 . 1 .  The  attraction  of  this  approach  is  that  due 
to  the  relatively  weak  thermal  lensing,  the  laser  mode  size  in  a  typical  folded-cavity 
varies  very  little  (by  less  than  10%)  over  full  range  of  pump  power.  This  allows  for 
much  more  flexibility  in  resonator  design,  since  the  phase  aberration  is  relatively  small. 
As  a  demonstration  of  this  we  have  also  constructed  a  Nd:YLF  ring  laser  end-pumped 
in  a  similar  fashion  by  two  20W  diode  bars  resulting  in  >  lOW  of  single-frequency 
output  at  1.053/im,  and  an  intracavity-frequency-doubled  version  (using  LBO)  with  a 
single-frequency  green  output  at  526.5nm  of  6.2W,  which  corresponded  to  8.5W  of 
green  generated  internally  in  the  Brewster-angled  LBO  crystal  [26] .  Further  reduction 
in  the  Nd^"^  concentration,  improvements  in  pump  beam  quality  and  the  use  of  multiple 
rod  geometries  should  allow  significant  further  scaling  of  TEM^o  power,  without  the  risk 
of  fracture.  Thus  Nd:YLF  promises  to  be  an  attractive  alternative  to  laser  materials 
such  as  Nd:YAG  and  Nd:YV04  for  high-power  end-pumped  solid-state  lasers. 


13.  Conclusions 

In  end-pumped  solid-state  lasers  employing  edge-cooled  rod  geometries,  thermal  lensing, 
rather  than  stress-induced  fracture,  appears  to  present  the  most  difficult  obstacle  to  the 
scaling  of  diffraction-limited  performance  to  high  power  levels.  This  is  a  consequence 
of  degradation  in  laser  beam  quality  due  to  the  highly  aberrated  nature  of  the  thermal 
lens.  To  reduce  the  effect  of  these  non-parabolic  phase  aberrations  we  have  proposed 
an  alternative  design  strategy  where  the  resonator  must  satisfy  two  conditions,  which  are 
that  the  TEM^o  mode  size  must  be  significantly  smaller  than  the  pump  beam  size  and 
that  the  TEM^q  size  must  decrease  with  increasing  thermal  lens  focal  length.  This 
resonator  design  approach  is  in  stark  contrast  with  the  approach  that  is  generally  adopted 
for  lower  power  lasers.  We  have  also  postulated  that  for  this  end-pumped  edge-cooled 
geometry  there  is  an  upper  power  limit  on  a  given  laser  transition  for  diffraction-limited 
operation.  This  limit  depends  on  a  number  of  factors  including  the  characteristics  of 
the  laser  material,  and  we  have  shown  that  if  care  is  taken  to  avoid  thermally-induced 
fracture,  then  Nd:YLF  operating  at  1.053ptm  has  some  advantages  over  Nd:YAG  and 
Nd:YV04,  due  to  its  superior  thermo-optical  properties.  However,  indefmite  scaling 
in  the  diffraction-limited  output  from  end-pumped  lasers  can  only  be  achieved  if 
measures  are  taken  to  compensate  for  the  thermally-induced  aberrations  [2]. 
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1.  Introduction 

As  well  known,  the  efficiency  of  CW  high-energy  laser  is  determined  non  only 
the  ability  to  generate  a  radiation  of  potency  energy,  but  optical  quality  of  radiation  as 
well.  One  will  be  connected  with  wavefront  distortion  and  deviation  of  light  amplitude 
distribution  from  most  favorable  [  1 1 . 

As  a  rule,  this  problem  is  actual  for  all  gas  flow  lasers.  One  of  them  is 
gasdynamic  laser,  where  active  medium  is  formed  during  extension  of  gas  in  array  of 
small  scale  nozzles  and  during  supersonic  mixing  donor  and  radiating  gas. 


Figure  1.  Schematic  diagram  of  screen  nozzle  arrays  and  active  medium  density  distribution  in 
optical  cavity;  PGDL  {d)  and  MGDL  (f)). 
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a  b  c  d 

Figure  2.  Amplitude  {a,c)  and  phase  {h,(J[)  distributions  of  ligjit  field  in  laser  aperture;  PGDL 

{ci,b)  and  MGDL  ic,d). 


One  of  the  fast  forming  schemes  of  supersonic  jet  with  tlie  large  consumption  of 
components  is  scheme  of  three-dimensional  extension  in  axi symmetrical  nozzle  array. 
Two  active  medium  forming  schemes  are  shown  in  Fig.l:  gasdynamic  laser  with 
preliminary  mixing  of  components  (PGDL)  and  gasdynamic  laser  with  supersonic 
mixing  components  in  optical  cavity  (MGDL).  Three-dimensional  parabolized 
Navier-Stokes  equations  have  been  used  for  evaluation  mixing  of  jets  in  gasdynamic 
laser  [2].  The  formula  of  Prandtl  and  k-z  turbulence  model  have  been  used  for 
calculation  of  effective  turbulent  viscosity  coefficient. 

We  can  see  the  lines  of  constant  density  in  optical  cavity  for  some  cuts  of  gas  flow 
downstream  direction  in  the  Fig.l.  As  expected,  stnicture  of  density  distribution  is 
rather  complicated.  As  well,  structure  is  determined  by  three-dimensional  impact 
interaction  of  adjacent  jets  and  dissipative  viscosity  areas  of  turbulent  mixing.  In  all 
cases  the  symmetry  of  distribution  of  gasdynamical  parameters  and  gain  is  determined 
by  configuration  of  nozzles  disposition  in  array. 

2.  Fundamentals. 


For  definition  of  radiation  parameters  in  the  output  laser  aperture,  which  was  100 
X  100  mm,  was  carried  out  renovation  of  calculated  density  in  all  volume  cavity  for 
nozzle  array  of  length  1000  mm.  The  wavefront  of  radiation  was  restored  by  known 
relation 

^ix,y)  =  K^[rix,yX)  -l]^ » 

L 


where  w(xj^,z)  —  distribution  of  refraction  index,  L  —  length  of  nozzle  array,  K—^  ^  ■— 

P 


constant  of  Gladstone-Dail,  p  -  gas  density.  Intensity  and  amplitude  distributions  were 
restored  in  supposition  of  linear  amplification  in  active  medium  by  relation 


=  /fl  exii|  J  ^x,y,z)(k 


where /o“l  ~  input  light  intensity,  g{x,  y,  z)  -  gain. 
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Figure  3.  Fraunhofer  diffraction  intensity  distribution  (far  field)  {a)  and 
nomialized  energy  dependence  on  diffraction  order  (6). 


Amplitude  and  phase  distributions  of  a  light  field  in  output  laser  aperture  for 
PGDL  and  MGDL  schemes  are  shown  in  the  Fig.2.  Phase  and  amplitude  periodicity  in 
transverse  and  longitudinal  directions  are  explicitly  expressed  in  MGDL.  Period  of 
phase  modulations  in  transverse  direction  corresponds  to  an  amount  of  nozzle  rows  in 
array  with  height  100  mm,  and  period  of  phase  modulations  in  longitudinal  direction 
corresponds  to  period  of  shock-wave  structure.  In  PGDL  distribution  of  amplitude  is 
practically  constant  downstream,  that  is  quite  right. 

We  shall  consider  of  a  little  bit  integrated  criterion's,  which  have  allowed  to 
estimate  efficiency  of  nozzle  array  schemes  from  the  point  of  view  of  a  potential  energy 
of  laser  amplifier  and  radiation  optical  quality.  One  of  such  criterion's  is  well  known  in 
optics  Strehl  ratio  (Sh)  [3] 

t  |2 


Sh = msL\<  — - -  > = 


hm  r 


where /(;Co,yo)  -  distribution  of  intensity  in  zone  of  Fraunhofer  diffraction  (far  field), 
/o  -  maximum  value  of  intensity  if  =0,  S  -  square  of  aperture,  -  wave 

A 

ratio,  r  -  a  distance  of  radiation  propagation,  l/(A:|,yi)=/4(jci,yi)  exp[y<Kjfi,yi)]  “ 
distribution  of  complex  amplitude  of  a  radiation  if  y4(x,,y,)=L  There  is  simple 
approximation  of  Sh  [4],  expressed  per  root  mean  scatter  of  phase,  if  Sh  >  0,3 

Sh  =  exp(-D) , 


where  jJ[c|<xi,yi)-(p]'</5,  cp=-i- 


-  dispersion  of  phase  and  mean 


phase  in  the  laser  aperture  accordingly. 

As  well  known,  the  classical  optical  integral  is  difficult  for  practical  evaluations. 
Application  of  a  fast  Fourier  transformation  method  has  allowed  to  make  detail 
parametrical  research,  to  determine  not  only  ratio  Sh,  but  also  angle  of  a  laser  radiation 
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Figure  4.  Strehl  ratio,  mean  intensity  and  efficiency  versus  pressure  in  nozzle  output 
for  difference  nozzle  generatrix  angles;  PGDL  (a)  and  MGDL  (h). 


a 


divergence  by  integration  of  light  intensity  diagram.  For  example,  intensity  distribution 
in  far  field  and  two  orthogonal  cuts  of  normalized  energy  angular  distribution  for 
MGDL  is  shown  in  the  Fig.3. 

Mean  intensity  Jo  in  aperture  was  set  as  energy  criterion  of  linear  laser  amplifier. 
The  total  efficiency  of  laser  amplifier  was  determined  by  relation  Sh  Jo<  which 
simultaneously  takes  into  account  tendencies  of  modification  output  energy  and  laser 
beam  quality.  The  graphs  of  dependence  of  Strehl  ratio,  mean  intensity  and  efficiency 
of  laser  on  pressure  are  shown  in  the  Fig.4.  We  can  see,  that  Strehl  ratio  is  reduced 
always  with  increasing  any  laser  parameter.  Also,  we  can  see  that  nozzle  generatrix 
angles  strongly  affect  on  level  of  active  medium  optical  heterogeneity  always.  In 
MGDL  mean  intensity  is  a  little  bit  higher,  than  would  otherwise  be  in  PGDL.  Tliis  is 
because  small  rela.xation  losses  exist  in  active  medium.  In  both  cases  the  dependence  of 
mean  intensity  and  laser  efficiency  Sh  lo  on  pressure  has  explicit  maximum. 

Though  absolute  energy  indexes  in  MGDL  is  higher  then  that  one  in  PGDL,  its 
optical  homogeneity  is  somewhat  below.  It  confirms  tlie  shift  interferograms  of  gas 
flow,  which  specially  was  synthesized  on  computer  for  two  cases;  self-emission  of  laser 
and  high  quality  probing  emission  (see  Fig.5).  Large  amplitude  of  modulation  of 
interferention  strips  is  much  more  for  MGDL  than  for  PGDL.  By  this  is  meant  that 
level  of  wavefront  distortions  is  high.  Information  about  dispersion  of  interference  light 
field,  which  is  shown  in  the  Fig.5,  is  tabulated  in  Table  1.  Here,  a  dispersion  is 
connected  with  interference  contrast  of  light  fields.  Therefore,  this  results 
demonstrated  the  high  level  of  spatial  coherence  of  a  radiation. 

TABLE  1.  Dispersion  of  interference  fields 


Shift 

Dispersion 

Self-emission 

interferograms 

Probing  emission 

interferograms 

Mixing 

Pre-mixing 

Mixing 

Pre-mixing 

0 

0.8823 

0.5066 

0.4990 

0.4990 

p/3 

0.5490 

0.5053 

0.5015 

0.4990 

P/2 

0.4521 

0.4977 

0.5013 

0.4970 
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Figure  5.  Computer  synthesized  shear  interferograms  of  gas  flow;  J-4  MGDU  5-8  PGDL; 
1,3, 5, 7-  shift  is  0,  2,4,6,8  -  P/2  (P  -  period  of  nozzle  rows),  1,2,5, 6-  self-emission  of 
gasdynamic  laser,  3,4, 7,8  -  high  quality  probing  emission. 


It  is  well  known  that  obvious  way  of  compensating  of  regular  wavefront  distortion 
is  orientation  of  nozzles  rows  in  nozzle  array  in  relation  to  direction  of  beam 
propagation.  For  the  first  time  it  was  discussed  in  |5)  and  then  it  was  checked 
experimentally  and  numerically  in  16].  Dependence  of  Strehl  ratio,  normalized  angle  of 
laser  beam  divergence,  mean  intensity  and  efficiency  on  angle  orientation  of  nozzle 
rows  for  MGDL  is  shown  in  the  Fig.6.  As  well  as  for  PGDL,  optimum  angle  of 
orientation  is,  for  example,  the  angle  between  direction  of  beam  propagation  in  optical 
cavity  and  direction  between  center  of  the  first  nozzle  in  first  row  and  center  of  the  last 
nozzle  in  second  row.  It  is  necessary  to  signify  that  some  decrease  of  mean  intensity  in 
laser  aperture  at  modification  of  orientation  of  nozzle  rows  takes  place  this  case.  It  is 


Figure  6.  Strehl  ratio,  angle  of  divergence,  mean  intensity  and  efficiency  dependence  on  angle  of  nozzle 
rows  orientation  (on  the  left);  efficiency  dependence  on  size  of  aperture  and  aperture  displacement 
downstream  (on  the  riglit),  where  1,2,3, 4  -  MGDL,  5,6, 7,8  -  PGDL,  1,5  -  20  x  20  mm  aperture,  2,6  -  50  x 
50  mm,  3,7  -10  X  70,  4,5  -  level  of  efficiency  for  100  x  100  mm. 
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connected  with  power  anisotropy  of  an  active  medium  amplification  in  MGDL. 

3.  Results  and  discussion. 

Optimization  of  aperture  size  of  laser  amplifier  is  very  interesting.  The 
dependence  of  laser  efficiency  association  on  size  of  aperture  and  downstream 
displacement  is  shown  in  the  Fig.6.  A  diminution  of  aperture  size  and  its  downstream 
displacement  can  some  increase  of  efficiency  for  MGDL  especially. 

Research  shows,  that  regular  periodic  multiscale  spatial  heterogeneities  take  place 
in  active  medium  of  any  gas-flow  lasers  [6].  It  is  not  unexpected,  since  multiscale 
distortion  is  determined  by  physical  processes  and  nozzle  array  configuration.  Regular 
heterogeneities  of  a  small  spatial  scale  with  size  of  the  order  of  first  zone  of  the  Fresnel 
are  the  most  interesting.  The  structure  and  level  of  these  heterogeneities  is 

determined  by  period  of  nozzle 
disposition  in  array  and  depth  of 
modulation  depending  by  conditions 
of  supersonic  jets  interaction  and 
influence  of  viscous  effects  in  each 
nozzle  and  mixing  zones.  If  the  depth 
of  periodic  modulation  of  phase,  i.e. 
its  amplitude,  does  not  exceed  1 
radian  {Sh  «  0,6),  then  spatial 

R 

frequency  of  this  modulation  co  «— 


(where  S  -  square  of  aperture,  4s  - 
equivalent  size  of  aperture  and  4  - 
scale  of  regular  phase  perturbation) 
will  not  influence  practically  on 
divergence  of  laser  radiation  [7]. 

For  regular  heterogeneities  it 
circumstance  is  shown  in  the  Fig.7 
(curves  1-4),  where  level  Sh  «  0,6  is 
critical  really.  Frequency  o  of  phase 
periodicity  influences  on  divergence  of  laser  radiation  for  certain  conditions. 
Therefore,  increase  of  sizes  of  laser  amplifier,  i.e.  its  output  aperture  and  nozzle  array 
lengths,  can  reduce  not  only  Strehl  ratio,  but  increase  a  divergence  of  a  laser  radiation. 

Nonregular  distortions  in  active  medium  influence  on  divergence  of  a  laser 
radiation  similarly  to  character  as  regular  distortions  (see  Fig.7  curves  5-8):  If  root 
mean  scatter  of  amplitude  of  such  distortions  will  exceed  1  radian,  then  the  magnitude 
0/0  0  will  to  depend  on  frequency  of  nonregular  spatial  scale  of  phase  distortions. 

As  well  known,  the  most  typical  nonregular  microscale  heterogeneity  in  active 
medium  is  turbulent  fluctuations.  Though  the  nature  of  such  fluctuations  is  very 
complicated,  but  their  registration  is  based  on  violation  of  contrast  of  interference  field. 


0/0  0 


Figure  7.  Dependence  of  nomialized  angle  of  divergence  of 
radiation  on  Strehl  ratio;  1-4  -  regular  periodic  spatial 
frequencies  of  wavefront  perturbations,  5-S  -  nonregular 
spatial  frequencies  of  wavefront  perturbations,  1,5-  co=10, 
2  -  (0=25,  3  -  (0=50, 

<  6  -  (0= 1 00,  7  -  (o=500,  ~  (0=2000. 
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Figure  8.  Dependence  of  magnification  niopi  of  laser  amplifier  length  on  main  parameters; 

(а)  -  regular  phase  heterogeneities  and  linear  amplification  dependence  on  kL  Q—4)  and  D  i5—8\ 
if  1  -Z)=0.25,  2  -  0.5,  5  -  0.75,  4-\,5-  kL=0.\,  6  -  1,  7-5,  ^ -  10; 

(б)  -  regular  phase  heterogeneities  and  saturated  amplification  dependence  on  D  {J-4)  and  M  (5-7), 
if7-/=0.01, 7-0.1, 5-  l,^-<»,5-D=0.01, (5-0.1,  7-0.5; 

(c)  -  nonregular  phase  heterogeneities  and  saturated  amplification  dependence  on  D  (7-5)  and 

if7-/=0.1,2-0.5,5-  1,^-5,5-00,6-D-O.l,  7-0.15,5-0.3,9-0.5,  70-1. 


Scattering  of  light  on  microscale  perturbations  of  a  refraction  can  reduce  efficiency  of 
transmission  of  radiation  as  well  as  reduce  of  laser  output  energy. 

Next,  we  shall  consider  approaches  of  efficiency  of  laser  amplifier.  Let  us  assume 
that  one  of  aspects  of  amplification  of  intensity  is  realized  in  active  medium  with 
expansion  L  [8]:  linear  amplification  /=/oexp(itL)  or  saturated  amplification 

/  +  ,  where  k  -  gain,  /q,  A  h  -  input,  output  intensity  and  intensity  of 

saturation,  accordingly.  Simultaneously,  regular  or  nonregular  heterogeneity  with 
dispersion  of  phase  D  in  active  medium  can  arise.  Further,  most  important  parameters 
are  shown  in  the  Table  2. 

There  are  following  labels  here:  S  -  square  of  aperture  of  laser  amplifier  with  a 
rectangular  distribution  of  light  field  amplitude,  W  «  Sh  -  efficiency  of  radiation 

energy  transmission,  7=-^,  M  parameter  of  a  proportional  modification  of 

h 

laser  amplifier  length  with  base  L  (mandatory  m>  0),  =  mL  -  changed  length  of 

the  laser  amplifier,  L  -  base  length  {L-\  m). 

If  only  regular  phase  heterogeneities  exist  in  active  medium  of  high  energy  laser 
and  if  amplifier  functions  on  the  assumption  of  a  linear  amplification,  then  factor  Wopt 
will  be  simultaneously  to  depend  on  a  binary  index  kL  and  dispersion  D.  It  is  shown  in 
Fig.8,<7.  The  important  singularity  is  that  Wopt  dependents  on  dispersion  D  hyperbolic. 
By  other  words,  at  large  levels  of  value  D  such  situation  is  possible,  when  there  is  no 
way  to  compensate  the  drop  of  efficiency  by  increase  of  output  energy  with  the  help  of 
simple  magnification  of  length  of  amplifier. 

If  the  amplifier  fiinctions  at  saturation  then  kL  is  replaced  by  M ,  which  depends 

on  /  .  Since  distortions  of  wavefront  are  regular,  then  mopt  will  fall  with  arise  in 
dispersion  D  (see  Fig.8,/)).  Contrary  to  the  regime  of  linear  amplification,  it  is 
impossible  to  compensate  the  enhancement  of  dispersion  D  by  enhancement  of  A/.  It  is 
connected  with  the  fact  that  limiting  dependence  of  ntopt  on  D  for  M  ^  oo  exists  (see 


TABLE  2.  Equations  for  most  important  laser  parameters 
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curves  4).  By  this  is  meant  that  additional  energy  from  active  media,  connected  with 
increase  of  the  length  of  amplifier,  cannot  compensate  the  decrease  of  efficiency 
because  of  fast  growth  of  dispersion  of  wavefront. 

The  tendency  of  saturation  is  observed  in  the  dependence  of  niopt  on  M  Value  niopt 
is  constant  for  A/  >  2,5  and  any  niopt  •  Because  of  this,  for  M  >  2,5  the  next  formula  is 
true 

If  the  statistical  phase  distortion  in  active  media  exists  then  the  light  scattering  is 
less  then  in  the  variant  with  regular  phase  distortions,  (see  Fig.  8,c).  It  is  connected 
with  fact  that  dispersion  of  wave  front  increases  linear  with  increasing  of  amplifier 
length.  Three  variants  of  relation  exist  between  kL  and  D:  if  kL  >  D,  then  increase  of  L 
implies  an  increase  in  efficiency.  If  kL  <  Z),  then  efficiency  is  a  maximum  for  ->0. 

If  kL  =  D,  then  efficiency  is  constant  for  any  m. 

Let  us  consider  the  variant  when  amplifier  is  saturated  and  active  media  is 
statistical  inhomogeneous  (see  Fig.  7).  This  variant  is  look  liked  with  the  variant  of 
regular  periodic  phase  inhomogeneity.  As  a  result  niopt  decreases  as  the  D  increases.  If 
M  ^  00  this  condition  is  justified  for  D  — >  oo ,  It  is  obvious  that  laser  ,  which 
functions  only  for  ->0  is  not  optimum.  Next  it  is  necessary  to  decrease  optical 

inhomogeneity  in  active  media. 

Thus,  all  results  are  confirmed  main  principle,  whereby  the  optimum  high-energy 
laser  system  can  be  created  by  only  reasonable  compromise  between  power  indexes  of 
laser  and  level  of  generated  radiation  quality.  Error-free  information  about  these 
parameters  can  be  obtained  during  numerical  simulation  and/or  experimental  research. 
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1.  Introduction. 

The  various  applications  of  variable  long-pulse,  high  energy,  NdiYAG  laser  [1,2], 
(especially  applications  which  require  a  constant  spot  size  during  the  laser  pulse), 
request  the  constant  quality  of  the  laser  beam.  Into  a  laser  rod,  homogeneously  pumped, 
a  parabolic  temperature  profile  appears,  and  therefore  the  refractive  index  gradient  is 
built  up. 

The  rod  behaves  like  a  thick  lens  with  a  refractive  power  D,  which  increases 
with  the  input  energy.  A  resonator  with  such  a  thick  lens  inside  was  investigated  by 
several  authors  [3,4]  for  high  repetition  rate  and  high  input  power.  The  thermal 
equilibrium  cannot  be  reached  at  low  repetition  rate  (<5  Hz)  and  high  energy  pumping 
pulse  and  the  rod’s  focal  length  increases  during  the  pumping  time.  The  variation  of  the 
focal  length  changes  the  divergence  of  the  multimode  laser  beam  during  the  pulse  time. 
The  optical  resonator  needs  a  special  design  to  overcome  this  variation. 

The  purpose  of  this  paper  is  to  present  the  results  on  experimental  investigation 
of  thermal  effects  in  Nd:YAG  rods  pumped  with  linear  flashlamps  with  variable  pulses 
from  0.5  to  10  milliseconds,  pump  energy  up  to  5000J  and  the  design  of  the  optical 
resonator  to  compensate  the  thermal  effects.  In  order  to  improve  the  laser  beam  quality 
some  optimal  stable  and  unstable  resonators  with  variable  reflectivity  mirror  (VRM) 
were  investigated. 

2.  Measurements  of  Transient  Thermal  Lens 

Thermal  effects  in  high  energy  Nd:YAG  laser  rod  are  very  strong  and  could  affect  the 
behaviour  of  the  laser  resonator  during  the  laser  pulse  when  the  rod  is  pumped  for  long 
time  (millisecond).  In  order  to  measure  the  thermal  focal  length  of  the  active  media 
we  use  the  optical  arrangement  [5],  presented  in  Fig.  1.  Passing  a  He-Ne  laser  beam 
through  the  rod  during  flashpumping  we  can  measure  the  probe  beam  intensity  in  plane 
P  with  a  photodetector. 
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Figure  1.  Experimental  set>up  for  determination 
of  transient  refractive  power  in  Nd:YAG  rod. 


The  active  medium  is  considered  as  a  thick  lens.  The  relation  between  (the  equivalent 
focal  length  of  the  optical  system  formed  by  laser  rod  with  focal  length  and  the  lens  F 
with  focal  length  f,)  and  1,  the  distance  from  F  to  focal  plane  of  the  optical  system,  is 


1  =  1 


eq 


\-d. 


i-rf.//,  J 


where  dj  is  the  distance  between  the  lens  F  and  principal  plane  of  the  rod. 
The  waist  of  the  He-Ne  laser  beam  after  passing  through  the  laser  rod  is: 


(1) 


W  =  f 


(2) 


where  D  is  the  laser  rod  diameter.  Because  it  is  difficult  to  measure  Wq  at  the  focal  plane 
we  can  measure  the  beam  diameter  Wp  at  the  plane  P  and  after  few  simple  calculations 
described  below,  temporal  behaviour  of  the  waist  can  be  obtained.  At  the  distance  z 
from  the  waist,  Wp  is: 


Xz 


where  z=L-l.  Combining  equations  (1),  (2)  and  (3)  one  can  obtain: 


(3) 


where: 


(4) 
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a  = 


Ti^D^ 


b  =  D 


1- 


c  =  -2Db\  L  + 


dj. 


A-dJ 


d  =  D^\  L  + 


djy 

A-d,) 


(5) 


Kiiowing  the  value  fe,  we  can  obtain  the  focal  length  for  laser  rod  fR  by 
relation: 

j _ i_. 

feq  fn  f\  f^fR 

In  order  to  find  out  the  temporal  behaviour  of  Wp  when  the  laser  rod  is  pumped  we  can 
measure  the  intensities  of  the  He-Ne  beam  at  plane  P,  at  the  point  x  from  the  optical 
axis.  When  the  laser  rod  is  pumped,  because  of  the  thermal  lens,  the  spot  diameter  of  the 
He-ne  laser  beam  will  vary.  If  the  pumping  system  has  lack  of  simmetry  then  a 
displacement  of  the  probe  beam  Ax  from  the  optical  axis  is  observed.  Two 
measurements  of  the  beam  intensities  in  two  different  points  x=0  and  x=Xo  are  used  in 
order  to  eliminate  Ax.  Equations  (7)  and  (8)  show  the  intensity  at  x=0  and  x=Xo.  The 
value  k/Wp represents  the  maximum  intensity  Iq  in  the  beam’s  centre. 

(7) 

- 

Xq  ^ 

I  J 


Wait) 


exp 


l2  = 


W„{t) 


exp 


using,  the 

(6) 


Combining  (7)  and  (8)  we  obtain: 


r  k  ] 

_  V 

2 

k 

Xq 

exp 

Wd(0 

(9) 


which  provide  the  values  for  Wp(t).  Knowing.  Wp(t)  we  can  calculate  feq(t)  and  finally 
fo(t).  In  our  experiments,  the  Nd:YAG  laser  rod  has  84  mm  length,  6.6  mm  diameter, 
11%  concentration  of  Nd  ions,"  and  f,=500mm,  L=1330  mm  The  beam  intensities  were 
measured  by  using  a  ROL26  photodiode  and  the  scope  Tektronix466.  The  values  of  the 
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Wd  on  the  plane  P,  without  pulse  pumping,  is  Wd=13  mm.  The  results  are  presented  in 
Tablet. 

The  obtained  data  show  a  strong  asymmetry  between  x  and  y  measurement’s  directions. 
The  asymmetries  appear  because  of  the  pumping  lamp.  The  plane  (yz)  contains  the  laser 
rod  and  lamp. 


Table  1 .  Thermal  transient  focal  length. 


Pumpiijg 

pulse 

duration 

(ms) 

Pumping 
energy  [J] 

Ii 

(mV) 

h 

(mV) 

ii 

feq 

(mm) 

focal  length  of  the  rod 
thermal  lens  fR(mm) 

4 

315 

wm 

125 

390 

1106 

photodiode 

7 

550 

120 

17.67 

371 

953 

displacement 

9.5 

950 

WESM 

no 

18.75 

353 

749 

x=l  mm 

4 

315 

in 

18.37 

357 

778 

photodiode 

7 

550 

1^1 

18.72 

353 

749 

displacement 

9.5 

950 

130 

Jm 

20.29 

334 

628 

y=l  mm 

4 

315 

397 

1202 

photodiode 

7 

550 

1^1 

16.22 

386 

1056 

displacement 

9.5 

950 

18.55 

355 

763 

y=-l  mm 

Figure  2  shows  the  temporal  variation  of  Ii(t),  the  He-Ne  laser  probe  beam  intensity  and 
one  can  observe  that  initial  temperature  of  laser  rod  is  establishes  after  1 .5  seconds  from 
the  end  of  pumping  pulse. 


Figure  2.  Temporal  variation  of  the  He-Ne  laser  probe 
beam  passing  through  the  Nd:YAG  rod 
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Variations  of  the  laser  rod  refractive  powers  up  to  2  m'^  were  observed  when  the  lengths 
of  the  pumping  pulse  vary  between  0.5  and  10  ms  at  different  pumping  energies. 


3.  Experiments  Using  Different  Optical  Resonators 

Two  kinds  of  resonators  can  be  used  when  the  constant  beam  quality  is  required:  stable 
resonators  and  unstable  resonators  with  VRM  output  coupler.  In  the  case  of  stable 
resonator  the  laser  system  is  designed  to  provide  the  desired  beam  pattern.  When  the 
laser  rod  is  operated  at  a  specified  pumping  pulse  energy  and  duration,  the  behaviour  of 
the  thermal  lens  exhibited  by  the  rod  must  be  also  taken  into  account.  To  find  fee 
optimal  resonator  parameters  that  maintain  constant  the  quality  of  the  laser  beam  during 
laser  pulse,  in  the  case  of  multimode  laser  operation  with  internal  variable  thermal  lens, 
the  matrix  method  was  used.  The  best  result  in  our  case  was  obtained  by  using  a  plan- 
spherical  resonator  with  0.8  m  length  and  2  m  mirror  radius.  In  such  a  configuration  the 
Nd:YAG  rod  (6.6x85  mm),  pumped  with  variable  pulse  length,  was  placed  nearly  the 
output  plane  mirror.  Figure  3  shows  the  numerically  calculate  multimode  divergence  and 
the  experimental  results  versus  optical  power  in  the  plane-spherical  resonator  for  two 
different  resonator  lengths. 


Figure  3.  Multimode  divergence  in  plan-spherical  resonator 
(mirror  radius  2  m),  parameter  L=  resonator  length. 


The  numerical  calculus  shows  also  that  plan-spherical  resonator,  L— 0.8  m,  with  the  laser 
rod  very  close  to  the  flat  output  mirror  is  the  most  insensitive  to  the  variations  of  the 
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refractive  power.  The  unstable  resonator  with  radial  variable-reflectivity  mirror  (VRM) 
as  output  couplers  were  demonstrate  [7,8]  to  be  a  solution  for  the  generation  of  high- 
energy  diffraction  limited  beams  with  smooth  transversal  profile.  The  reflectivity  of  the 
super-Gaussian  mirror,  used  in  our  experiments  as  output  coupler,  has  the  analytical 
form: 

R{r)  =  Rq  exp  ^l{r  /  )”  (lO) 


where  Rq  is  the  peak  reflectivity,  r  is  the  radial  coordinate,  Wj„  is  the  spot  size,  and  n  is 
the  order  of  the  mirror.  A  45  cm  length  resonator  operating  in  the  stable  and  unstable 
configurations  was  equipped  with  VRM  and  one  39%  reflectivity  ordinary  mirror.  The 
laser  rod  was  placed  10  cm  apart  from  the  rear  mirror.  The  comparative  results  about  the 
output  power  and  divergence  of  the  beam  are  presented  in  Table  2.  The  beam  divergence 
was  measured  by  ASTM  43  method  using  a  1  m  focal  lens  and  a  SCIENTECH  361 
powermeter. 


Table  2.  Output  power  and  divergence  of  the  laser  beam  obtained  from  stable 
and  unstable  resonator  configuration.  The  pulse  pumping  duration  was  3  ms 
with  5  Hz  of  repetition  rate  and  150  J  pump  energy. 


Resonator  configuration 

Divergence 

(mrad) 

Plane-plane  stable  resonator,  39%  output  coupler 

10.5 

4.0 

Plane-plane  stable  resonator,  VRM  output  coupler  with  Ro= 
35%,  Wni=1.6  mm,  n=4.2 

9.2 

3.5 

Plane-plane  stable  resonator,  VRM  output  coupler  with  Ro= 
35%,  Wm=1.7  mm,  n=5 

8.8 

3.2 

Unstable  configuration  with  -5m  rear  mirror  and  VRM  output 
mirror  with  Ro=35%,  Wn,=1.6  mm,  n=4.2 

6.5 

<1 

Unstable  configuration  with  -5m  rear  mirror  and  VRM  output 
mirror  with  Rn=35%,  Wn,=1.7  mm,  n=5 

6.8 

<1 

As  the  table  2  shows  an  improved  laser  beam  divergence  was  observed  for  VRM ‘stable 
configuration  as  compared  to  usual  plane-plane  resonator,  with  only  a  small  decrease  of 
laser  pulse  energy. 


4.  Conclusions 

The  thermal  transient  effect  induced  in  a  Nd:YAG  laser  rod  pumped  with  pulse  duration 
up  to  ten  milliseconds  and  pulse  energy  up  to  lOOOJ  can  be  precisely  measured  by  the 
method  described  above.  By  using  the  matrix  method  and  taking  into  account  the 
thermal  transient  effects,  the  optimal  plane-spherical  resonator  which  maintains  constant 
the  beam  quality  during  the  pumping  pulse  was  determined.  The  beam  quality,  in  stable 
configuration,  was  improved  by  using  variable  reflectivity  mirror  as  output  coupler. 
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1.  Abstract 

A  review  on  stable  resonators  for  high  power  diffraction  limited  solid  state  lasers  is 
presented.  A  theoretical  analysis  of  resonators  containing  a  variable  lens  representing 
the  rod  thermal  focusing,  with  particular  attention  to  the  problems  of  optical  and 
mechanical  stability  (i.e.  the  sensitivity  to  misalignments),  is  developed.  Design 
criteria  for  optimized  resonators  are  illustrated  and  various  examples  of  applications 
are  given.  Experimental  results  obtained  with  a  NdiYAG  laser  at  1064  nm,  with 
Nd:YLF  lasers  at  1047  and  1053  nm  and  with  an  intracavity  frequency  doubled 
NdiYLF  laser  working  without  inst^ilities  connected  to  the  “green  problem”  are 
discussed. 


2.  Introduction 

The  generation  of  diffraction  limited  beams  of  high  power  or  energy  is  of  great  interest 
for  many  scientific  and  industrial  applications.  Stable  resonators  operating  on  the 
fundamental  TEMoo  mode  produce  Idgh  quality  diffraction  limited  beams;  however, 
the  transverse  mode  dimension  and,  as  a  consequence,  the  extracted  energy  from  the 
gain  medium  are  generally  small,  unless  special  design  procedures  are  applied. 
Multimode  laser  beams  with  an  average  power  up  to  the  kilowatt  level  can  presently  be 
generated  with  Nd:  YAG  lasers.  On  the  contrary,  the  output  power  is  reduced  to  a  few 
tens  of  watts  when  a  stable  resonator  operating  on  the  fundamental  transverse  mode 
(TEMoo)  is  used,  mainly  because  of  the  small  overlapping  volume  of  the  TEMoo  mode 
with  the  active  material.  Large  mode  volumes  can  be  obtained  with  unstable 
resonators,  but  the  high  losses  proper  of  unstable  resonators  hinder  their  use  with  low 
gain  lasers,  like  continuous  wave  (CW)  solid  state  lasers.  To  increase  the  output  power 
with  stable  resonators  a  large  volume  TEMoo  is  required,  however,  if  appropriate 
design  criteria  are  not  applied,  the  resonator  modes  and  the  output  power  become 
dramatically  sensitive  to  small  perturbations  and  to  mirror  misalignment.  The  problem 
is  further  complicated  1^  the  lens  effect  produced  in  the  rod  by  pumping.  In  feet  the 
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diqjtric  power  can  reach  considerable  values  even  at  moderate  lamp  input  power  levels 
(e.g,,  about  4-5  m‘^  in  Nd:YAG  lasers)  and  plays  a  fundamental  role  in  determining 
the  performances  of  CW  or  high  repetition  rate  solid  state  lasers.  Since,  not  only  the 
gam  of  the  active  material,  but  also  all  the  properties  of  the  resonant  modes  depend  on 
the  pumping  rate,  the  design  of  resonators  for  large  mode  volume  TEMoo  turns  out  to 
be  veiy  complicated. 

Great  efforts  have  been  made  to  design  st^le  resonators  that  can  counteract  or 
compensate  for  the  thermal  focusing  of  the  rod.  Early  solutions  proposed  compensation 
of  thermal  lens  by  a  convex  mirror  [1]  or  by  diverging  lenses  ground  on  the  end  faces 
of  the  rod  [2-4]  that  exactly  eliminate  the  focusing  effect:  this  compensation  is, 
however,  only  effective  at  a  given  value  of  the  pump  power.  Variations  of  the  thermal 
focal  length  are  allowed  in  concave-convex  resonators  [5],  but  only  if  the  thermal 
effects  are  very  small.  An  important  step  forward  was  made  with  the  introduction  of 
cfynamically  stable  resonators  [6,7],  which  allow  reliable  TEMoo  mode  operation  with 
the  mode  volume  stabilized  against  variations  of  thermal  focal  length  (i.e.  of  pump 
power).  The  concept  of  dynamical  stability  has  also  been  applied  to  resonators  with  an 
intracavity  telescope,  which  give  the  advantage  of  an  easy  adjustment  for  different 
pump  powers  [8-11].  It  has  been  demonstrated  that  in  dynamically  stable  resonators 
the  position  of  the  laser  rod  has  an  important  role  and  a  fine  optimization  allows 
substantial  improvement  of  the  performances  [12,13].  Various  detailed  studies  on  the 
optimization  of  multimode  resonators  with  an  internal  variable  lens  have  also  been 
published  [14-18]. 

Besides  the  dynamical  stability,  the  mechanical  stability  of  the  resonator,  i.e.  the 
sensitivity  to  the  mirror  misalignment,  is  a  key  factor  in  designing  stable  resonators 
with  large  mode  volume,  since  ^amically  stable  resonators  might  be  unreliable 
because  of  the  alignment  difficulties  [19,20].  The  misalignment  sensitivity  has  been 
analyzed  by  several  authors  [21-24].  For  solid  state  lasers  a  comprehensive  analysis  of 
general  resonators  with  an  internal  focusing  rod  was  carried  out  and  design  procedure 
for  optimized  cfynamically  stable  resonators  with  minimum  misalignment  sensitivity 
have  been  devised  [19,25,26].  The  successful  application  to  CW  Nd:YAG  lasers 
demonstrated  significant  improvement  of  output  power  and  of  misalignment  sensitivity 
[27,28].  The  mentioned  general  analysis  has  also  been  extended  to  cover  the  case  of 
crystals  other  than  YAG  with  very  large  focusing  power  [29]  and  resonators  containing 
arbitrary  optical  elements  [30,31].  On  the  basis  of  the  latter  reference  it  has  been 
demonstrated  [32]  that,  independently  of  the  resonator  configuration,  the  range  of 
input  power  for  which  the  resonator  is  stable  is  inversely  proportional  to  the  mode 
volume  and  is  a  unique  characteristic  of  the  laser  material.  To  obtain  higher  TEMoo 
output  power  and  wider  stability  range  than  those  of  YAG,  laser  crystals  with  low 
thermal  focusing  are  required.  One  of  the  most  interesting  material  is  Nd:  YLF,  which 
presents  a  very  low  thermal  focusing.  The  experimental  results  obtained  with 
optimized  resonators  demonstrate  that  Nd:  YLF  is  superior  than  YAG  for  TEMoo  mode 
operation  [33-36].  The  excellent  properties  of  Nd:YLF  for  high  power  TEMoo  mode 
operation  have  also  been  exploited  in  the  development  of  high  efficiency  and  high 
power  CW  intracavity  frequency  doubled  lasers  [37]. 
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3.  Theory  of  Stable  Resonators  with  Thermal  Lens  for  TEMoo  Mode  Operation 

In  this  section  we  present  a  unified  analysis  of  resonators  with  an  internal  variable  lens 
that  represents  the  pumped  rod.  The  topic  is  treated  in  the  widest  generality  including 
also  the  possibility  of  an  arbitrary  intracavity  optical  systems  (such  as  telescopes):  the 
optical  stability  of  the  resonator,  the  mode  volume,  and  the  misalignment  sensitivity 
are  studied  mainly  as  a  function  of  the  pump  power  i.e.,  of  the  rod  focal  length.  The 
theoretical  findings  are  supported  and  confirmed  by  experimental  results.  On  these 
bases,  simple  and  readily  applicable  design  criteria  for  large  mode  volume, 
cfynamically  stable,  minimum  misalignment  sensitivity  resonators  are  described. 

3.1.  THERMAL  LENSING 

A  considerable  amount  of  heat  is  generated  in  the  laser  rod,  mainly  due  to  pump 
quantum  efficiency  less  than  unity  and  to  the  waste  of  energy  between  pump  bands  and 
laser  levels.  The  heat  removed  fi'om  the  rod  surface  generates  a  radial  thermal 
gradient,  which,  in  turn,  produces  the  following  effects  that  contribute  to  the  thermal 
lensing  of  the  rod:  (i)  temperature-induced  variation  of  the  refi*active  index,  (ii)  strain 
dependent  variation  of  the  refractive  index,  (iii)  end  face  curvature  caused  by  thermal 
expansion  [38-40].  If  heat  generation  is  uniform,  the  bulk  of  the  rod  acts  as  a  lens-like 
medium  because  of  the  quadratic  variation  of  the  refractive  index  as  a  function  of  the 
radial  distance,  while  the  term  due  to  end  face  curvature  introduces  a  small  positive 
lens  effect.  For  lamp  pumped  rods  one  can  write  for  the  thermally  induced  focal  length, 
f,  the  relationship 

i=— p  (1) 

f  Tta^ 

where  Pm  is  the  electric  pump  power  entering  the  lamp,  a  is  the  rod  radius,  and  k  is  a 
constant  depending  on  the  opto-mechanical  properties  of  the  laser  rod  and  on  the 
pumping  efficiency.  Since  the  location  of  the  rod  principal  planes  is  almost 
independent  of  the  pump  power  [19,41],  the  rod  can  be  treated  as  a  thin  lens,  provided 
that  the  distances  from  other  optical  elements  are  measured  with  reference  to  the  rod 
principal  planes,  located  at  a  distance  LR/2n  from  the  rod  end  faces  (n  being  the 
refractive  index  and  Lr  the  rod  length).  Note  that,  if  the  effect  due  to  the  end  face 
curvature  is  neglected,  the  rod  dioptric  power,  as  expressed  by  Eq.  (1)  results  to  be 
independent  of  the  rod  length:  indeed  the  contribution  of  the  end  fece  curvature  to  the 
total  focal  length  is  generally  less  than  6%  [40],  therefore,  the  coefficient  k  can  be 
considered  as  independent  of  the  rod  length. 

3.2.  STABILITY  AND  MODE  VOLUME 


To  allow  a  very  general  analysis  of  solid  state  laser  resonators  only  two  elements  have 
to  be  considered:  the  rod  and  the  intracavity  optics.  In  this  paper  we  consider  only 
systems  with  rotational  symmetry  around  the  optical  axis.  The  results  of  our  analysis 
can  be  extended  to  orthogonally  astigmatic  systems  by  considering  separately  two 
orthogonal  axis  [42].  The  resonator  model  is  shown  in  Fig.  1:  it  is  composed  by  two 
plane  mirrors  that  enclose  a  lens  of  variable  focal  length,  t  (representing  the  rod) 
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between  two  optical 
systems  described  by 
suitable  ray  transfer 
matrices.  The  ray 
transfer  matrices 
shown  in  Fig.  1  are 
associated  with  the  ray 
paths  from  the  lens  to 
the  plane  mirrors  and 
also  include  the 
possible  mirror 
curvatures  and 

misalignments.  In 
feet,  curved  mirrors 

can  be  resolved  in  a  plane  mirror  and  a  lens  of  focal  length  equal  to  the  mirror  radius 
of  curvature.  To  make  the  equations  that  follow  more  readable,  we  define,  with 
reference  to  Fig.  1,  the  following  variables: 


Figure  1.  Resonator  with  an  internal  lens  of  variable  focal  length 
f  and  two  intracavity  optical  systems.  The  arrows  indicate  that 
the  ray  matrices  and  the  misalignment  vectors  describes  the 
propagation  from  the  lens  to  the  flat  end  mirrors.  The  dashed 
line  is  a  reference  plane. 
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With  this  notation  the  transfer  matrix  T  for  propagation  from  mirror  1  to  mirror  2 
(see  Fig.  1)  is: 

u)  BiBj(ti 

(5) 


=  J  ®1®2  (^  +  V)'j 

IDiDj(ti-v)  ba(ii-u)J 


Note  that  the  only  variable  that  depends  on  f,  i.e.,  on  the  pump  power,  is  tj  and  that  the 
matrix  elements  are  linear  function  of  1/f. 

The  condition  for  the  optical  stability  of  the  resonator  (0  <  AD  <  1)  can  also  be 
expressed  as  [43,30] 

ABCD  <  0,  (6) 

where  A,  B,  C,  and  D  are  the  elements  of  the  matrix  T.  Therefore,  the  stability  limits 
as  a  function  of  r\  are  obtained  by  equating  to  zero  each  of  the  element  of  the  matrix  T: 
from  Eq.  (5)  one  immediately  obtains  t|=±u  and  ti=±v.  The  corresponding 
expressions  in  terms  of  the  rod  dioptric  power  are  listed  in  Table  I.  From  Eqs.  (5)  and 
(6)  we  deduce  that,  as  a  function  of  the  rod  dioptric  power,  there  are  always  two 
stability  zones  that  are  symmetrically  located  around  the  zero  of  the  q  axis  and  that 
have  the  same  width,  Aq,  given  by: 

Aq  =  A  j  =  min(|u+v|,|u-v|)=  min 

It  is  worth  noting  that  the  stability  zones  are  crossed  simply  by  varying  the  input  power 
to  the  lamp.  For  a  reason  related  to  the  misalignment  sensitivity,  which  will  be 


BA 


(7) 
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discussed  below,  we  denote  by  zone  I  the  stability  interval  limited  at  one  of  the 
extremes  by  =  -v  (i.e.,  B  =  0)  and  by  zone  II  the  interval  limited  by  t|  =  v  (i.e.,  C  = 
0).  Note  that  v  and  -v  cannot  be  the  boundary  of  the  same  zone.  The  second  stability 
limit  of  each  zone  (+u  or  -u)  is  immediately  obtained  by  bearing  in  mind  that  in  each 
zone  T]  has  a  constant  sign. 


TABLE  I  Stability  limits  of  a  resonator  with  a  variable  lens. 


Stability  limit 


Value  of  r| 


Value  of  the  dioptric 
power,  1/f 


Di  B, 


^  ^2 
D.  D, 


The  spot  size  (HW  1/e^  of  the  intensity)  W3  of  the  TEMqo  mode  on  the  lens, 
calculated  with  the  standard  matrix  method  [41,42,30]  by  assuming  that  a  Gaussian 
beam  reproduces  itself  after  one  round  trip,  can  be  expressed  as: 

The  plot  of  Eq,  (8)  as  a  function  of  ti,  i.e.,  of  the  rod  dioptric  power  1/f,  is  shown  in 
Fig.  2(a).  The  spot  size  W3  goes  to  infinity  at  the  stability  limits  and  reaches  a 
minimum  in  each  stability  zone.  At  this  minimum,  the  resonator  is  cfynamically  stable 
[6,7,19,30]  since  the  spot  size  in  the  rod  is,  at  first  order,  insensitive  to  the  variation  of 
the  rod  focal  length.  Equating  to  zero  the  derivative  of  Eq.  (8)  and  solving  for  one 
obtains: 

■n = ±.yH  •  (9) 

The  value  W30  of  the  spot  size  W3  for  both  these  values  of  r\  is 

(IB) 


where  A—  is  given  Eq.  (7).  The  above  relationship  indicates  that,  independently  of 

the  resonator  configuration,  the  volume  of  the  TEMqo  mode  in  the  rod  at  the  cfynamical 
stability  is  inversely  proportional  to  the  range  of  dioptric  power  for  which  the  resonator 
is  stable.  The  proportionality  coefiBcient  only  depends  on  the  laser  wavelength.  The 
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behavior  of  the  TEMqo  mode 
spot  sizes  reported  in  Fig.  2(a) 
shows  that  inside  the  stability 
zones  the  spot  sizes  have  a 
quite  smooth  dependence  on  t); 
therefore,  the  values  of  the  spot 
sizes  at  the  (fynamical  stability 
can  be  considered 
representative  of  the  mode 
dimensions  in  the  whole 
stability  zone  and  Eq.  (10)  can 
be  conveniently  used  for  a  good 
approximate  evaluation  also  if 
the  resonator  is  not  cfynamically 
stable. 

The  existence  '  and  the 
characteristics  of  the  stability 
zones  have  been  experimentally 
investigated  [25]  using  a 
Nd:YAG  laser  with  a  3  mm  by 
75  mm  rod.  The  resonator  was 
1380  mm  long  and  made  by  a 
convex  mirror  of  -1200  mm 
radius  and  a  plane  mirror  with 
10%  transmission.  This 
configuration  was  chosen  since 
it  allows  the  laser  to  operate 
both  in  zone  I  and  II  within  the 
current  range  of  the  power 
supply.  The  TEMoo  was 
selected  by  using  suitable 
^rtures.  Figure  3  shows  the 
laser  output  power  as  a  function 
of  the  pump  power  for  three 
different  distances  of  the  rod 
fi'om  the  convex  mirror.  This  figure  clearly  shows  the  existence  of  two  well  separated 
stability  zones  that  are  characterized  by  a  second  laser  threshold  at  higher  pump  power 
beside  the  usual  threshold  at  lower  input  power.  All  the  thresholds  are  determined  by 
the  large  diffraction  losses  at  the  stability  boundaries.  As  predicted  by  the  theory,  at  the 
stability  edges  the  spot  sizes  rapidly  diverge:  this  behavior  explains  the  almost  vertical 
drop  of  the  output  power  at  the  stability  limits.  By  varying  the  rod  position  inside  the 
resonator,  the  input/output  curves  change  their  thresholds  according  to  the  relationship 
of  Table  I  that  give  the  rod  dioptric  power  at  the  stability  limits. 


-V  -u  u  v 

Figure  2.  Mode  spot  sizes  and  misalignment 
sensitivity  for  the  resonator  with  an  internal  variable 
lens  of  Fig.  1  as  a  fimction  of  r|  (dioptric  power  of  the 
lens  shifted  by  a  constant  amount),  (a)  Spot  size  on 
the  lens,  (b)  Absolute  value  of  the  focal  length  of  the 
optics  between  mirrors  (mirrors’  power  included), 
vdiich  is  proportional  to  the  misalignment  sensitivity. 
The  dashed  vertical  lines  are  the  stability  limits. 
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3.3.  PUMP  POWER  STABILITY  RANGE 

A  more  practical  and  interesting  expression  for  the  stability  range  is  obtained  by 
expressing  the  width  of  the  stability  zones  in  terms  of  the  pump  power  [32].  The 
combination  of  Eq.  (1)  with  Eq.  (10)  yields: 


The  quantity  (alwsof  is  the  ratio  between  the  rod  and  TEMoo  mode  cross  sections.  For 
an  optimized  resonator,  the  mode  cross-section  in  the  rod  must  be  as  large  as  possible 
for  a  full  exploitation  of  the  active  medium.  Therefore,  for  efficient  TEMoo  mode 
operation  the  rod  must  be  the  limiting  aperture.  Since  it  has  been  experimentally 
verified  that  for  good  TEMoo  operation  the  ratio  between  the  limiting  aperture  radius 
and  the  mode  spot  size  is  allowed  to  vary  between  1.2  and  2  [5,7,9,24,27,44],  the  ratio 
a/w3o  is  approximately  a  constant  and  is  independent  of  the  rod  size.  It  is  clear  from 
Eq.  (11)  that,  independently  of  the  particular  resonator  configuration  and  rod 
dimension,  the  input  power  range  for  which  the  resonator  is  stable  (and  the  laser  can 
operate)  only  depends  on  the 
parameter  k.  This  quantity  is 
related  to  the  opto-mechanical 
properties  of  the  laser  medium 
and  on  the  pump  power 
conversion  rate  in  heat,  again 
related  to  the  spectroscopic 
properties  of  the  material  and  to 
the  pumping  efficiency.  In 
general,  the  pump  cavity  is  well 
optimized  so  that  the  pump 
power  conversion  rate  in  heat  is 
established  by  the  given 
material.  It  follows  that  APia 
can  be  assumed  as  a  figure  of 
merit  of  the  solid  state  laser 
material.  As  an  illustrative 
example  we  have  estimated  the 
pump  power  stability  ranges  for 
three  Nd-doped  crystals, 
namely,  YAG,  GSGG  and 
YLF,  assuming  a/wso  ==  17  and 
using  the  parameter  reported  in 
the  literature  for  lamp  pumped  systems  [40,45,33-36].  The  results  are  collected  in 
Table  II.  Since  YLF  is  a  birefringent  crystal,  for  this  material  there  are  two  values  of 
the  stability  range  related  to  the  two  emission  wavelength  corresponding  to  g 
polarization  (X  =  1.053  pm)  and  n  polarization  (X  =  1.047  pm).  The  values  of  AP^  of 
Table  II  have  been  calculated  using  typical  data  for  pumping  efficiency  for  lamp 
pumped  lasers  and  can  be  considered  representative  of  common  situations,  although 


INPUT  POWER  (kW) 

Figure  3,  Experimental  output  power  in  fundamental 
mode  operation  of  a  CW  Nd:  YAG  laser  as  a  function 
of  the  lamp  electrical  input  power  for  different 
positions  of  the  rod.  The  resonator  is  138  cm  long, 
one  mirror  is  flat  and  the  other  is  convex  (-120  cm 
radius  of  curvature).  The  parameter  on  the  curve  is 
the  distance  of  the  rod  principal  plane  from  the 
convex  mirror. 
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slightly  different  results  could  be  obtained  if  different  relationship  between  thermally 
induced  focal  length  and  pump  power  are  used. 


TABLE  n.  Stability  range  and  maximum  TEMoo  output  power  for  three 
Nd-doped  crystals. 


Material 

Pump  power 
stability  range 
(W) 

Maximum  TEMoo  output 
power  (W) 
forAPi„/Pin-15% 

Nd:YAG 

30 

400 

Nd:Cr:GSGG 

9 

70 

Nd:YLF  (X=1053  nm, 

350 

8200 

CT  polarization) 

Nd:YLF  (A,=1047  mn. 

90 

1500 

7t  polarization) 

The  relationship  between  pump  power  stability  range  and  spot  size  at  the  cfynamic 
stability  also  allows  one  to  estimate  the  maximum  pump  power  that  can  be  extracted 
from  a  rod  of  a  solid  state  laser  operating  on  the  TEMoo  mode.  The  maximum  output 
power  is  approximately  proportional  to  the  pump  power  Pi„  and  to  the  mode  cross 
section  in  the  active  material.  Since  the  mode  cross-section  is  inversely  proportional  to 
the  pump  power  stability  range,  we  conclude  that 

(12) 

i.e.,  the  maximum  output  power  is  inversely  proportional  to  the  relative  pump  power 
stability  range.  The  proportionality  coefficient  depends  on  the  pumping  efficiency  and 
on  the  opto-mechamcal  properties  of  the  material.  In  Table  II  we  report  the  maximum 
TEMoo  output  power  for  the  three  Nd  doped  materials  considered  before,  calculated  for 
a  relative  pump  power  stability  range  of  15%.  Table  II  evidences  the  substantial 
advantage  of  nearly  athermal  materials,  like  YLF,  for  high  power  TEMoo  operation. 

The  small  APm  for  Nd:YAG  is  certainly  a  significant  drawback  that  requires  a 
careful  setting  of  the  input  power  in  order  to  obtain  and  maintain  laser  action.  A  more 
serious  drawback,  however,  comes  from  the  stress  induced  thermal  birefiingence, 
which  gives  rise  to  two  different  values  of  focal  length  for  polarization  of  the  beam 
along  the  radial  direction,  t,  and  along  the  tangential  one,  f*.  The  ratio  between  these 
two  values  [28,40]  is  fA  «  1.2,  while  the  mean  dioptric  power,  1/f  =  (i/f^  +  l/ft)/2,  is 
with  a  good  approximation  proportional  to  the  pump  power  entering  the  lamp  [40]. 
The  thermal  birefringence  can  split  the  pump  power  stability  regions  for  radial  and 
tangential  polarization,  for  large  fundamental  mode  volumes  or  high  input  powers,  to 
such  an  extent  that  they  do  not  overlap.  For  example,  if  a  resonator  is  designed  to  have 
spot  size  W30  =  1.8  mm,  the  width  of  the  stability  zone  is  0.2  diopters.  On  the  other 
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hand,  assuming  in  Eq.  (1)  k/7ca^  =  0.6  as  appropriate  for  a  6,4  mm  diameter 

rod  [40],  when  the  thermal  lens  dioptric  power  for  tangential  polarization  is  3  diopters 
(i.e.,  at  about  5  kW  pump  power)  that  for  radial  polarization  is  3.6  diopters,  therefore 
the  two  stability  regions  for  different  polarizations  do  not  overlap  and  the  laser  cannot 
work.  Therefore,  for  laser  operation  the  width  of  the  stability  zone  must  satisfy  the 


following  condition  [46]: 
^1  2X  ^  1  1 

f  ^30  ^  ^ 


«  0.18— Pi, 

Tca 


(13) 


Assuming  again  k/pa^  =  0.6  m'^kW“\  Eq.  (13)  yields: 

W3oPii,  <  6.3  mm^  kW  (14) 

This  result  means  that  the  maximum  achievable  fundamental  mode  volume  in  a 
Nd:  YAG  rod  ( oc  Wg^ )  at  high  power  is  limited.  As  an  example,  at  an  input  power  of  10 
kW  the  spot  size  must  be  less  than  0.8  mm,  A  possible  solution  to  compensate  the 
thermal  birefringence  of  YAG  consist  in  using  two  identical  rods  and  a  quartz  90° 
polarization  rotator  between  them  [47]. 

To  overcome  the  problem  caused  by  thermal  lensing,  two  possible  solutions  may  be 
envisaged:  (i)  reduction  of  the  unused  radiation  absorbed  by  the  rod  through 
optimization  of  the  pump  source,  (ii)  use  of  athermal  materials  with  low  thermal 
focusing.  Optimization  of  pumping  and  reduction  of  dissipated  heat  can  be  obtained 
with  diode  pumping.  The  second  solution  can  be  adopted  in  the  cases  where  athermal 
materials  are  available  (for  instance,  some  glasses  or  YLF).  An  increment  of  the 
operating  range  by  a  factor  two  can  also  be  gained  desigmng  the  resonator  with  the  two 
stability  zones  joined.  It  should  be  noted,  however,  that  this  procedure  may  lead  to  a 
resonator  with  an  unacceptable  high  misalignment  sensitivity:  particular  design 
precautions,  discussed  below,  must  be  considered  to  avoid  the  divergence  of  the 
misalignment  sensitivity  in  the  middle  of  the  operating  range. 


3.4.  MISALIGNED  OPTICAL  SYSTEMS 


The  effects  of  misalignment  of  some  components  of  an  arbitrary  optical  system  can  be 
analyzed  by  using  a  2x1  vector  in  addition  to  the  usual  2x2  matrix  appropriate  for 
aligned  systems  [30,42,48-50].  For  a  generic  optical  system,  assuming  the  optical  axis 
as  a  reference,  the  position  and  the  slope  of  the  rays  at  the  output  plane  (Xo  0o)  are 
related  to  the  corresponding  quantities  at  the  input  plane,  (Xi  00  by  an  equation  that, 
like  for  perfect  alignment,  is  linear,  but  no  longer  homogeneous: 


The  elements  of  the  misalignment  vector  (s,  a)  give  the  position  and  the  slope  of  the 
output  ray  when  the  input  ray  coincides  with  the  reference  axis  of  the  system.  The 
misalignment  vector  of  a  complex  system  is  obtained  by  matrix  multiplication  on  the 
basis  of  Eq.  (15).  Because  of  linearity,  the  superposition  principle  can  be  used  to 
evaluate  the  effect  of  the  misalignment  of  each  simple  element  composing  a  complex 
system.  Thus  the  misalignment  vector  is  the  sum  of  the  output  ray  vectors  obtained  by 
assuming  an  input  ray  coincident  with  the  reference  axis  and  taking  one  misalignment 
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at  a  time.  In  practice,  s  and  a  are  linear  combination  of  tilting  angle  and  displacements 
of  the  various  decentered  elements, 

3.5.  MISALIGNMENT  SENSITIVITY 


The  additional  power  losses  introduced  by  misalignment  of  a  component  of  the 
resonator  essentially  arise  from  the  displacement  of  the  mode  axis  and  of  the  transverse 
field  pattern  on  the  plane  of  the  limiting  (mode-selecting)  aperture,  which  in  solid  state 
lasers  having  the  mode  that  fully  utilizes  the  active  material,  is  generally  constituted  by 
the  rod  cross-section.  The  position  and  the  axis  of  the  resonator  modes  coincide  with 
the  ray  that  retraces  itself  ^er  one  round  trip  around  the  resonator  [30,42,48],  which, 
for  a  perfectly  aligned  resonator,  obviously  coincides  with  the  optical  axis  of  the 
system.  If  we  denote  by  (X3,  63)  the  position  and  the  slope  at  the  reference  plane 
marked  by  3  in  Fig.  1,  the  solution  of  the  self-consistency  equation,  expressing  the  fact 
that  a  ray  retraces  itself  after  a  round  trip,  gives  [30] : 


C 


0^01  + D1O2 


(16) 


where  the  symbols  are  defined  in  Fig.  1  and  C  is  the  (2,1)  element  of  the  matrix  given 
in  Eq.  (5)  and  is  the  opposite  of  the  dioptric  power  of  the  optics  between  the  end 
mirrors  (mirrors’  power  included).  The  detailed  expression  for  the  position  and  the 
slope  of  the  mode  axis  as  a  function  of  the  tilting  and  displacement  of  each  decentered 
element  can  obviously  be  calculated  only  when  a  particular  configuration  is  specified. 
However,  it  can  be  shown  that  the  effects  of  mirror  misalignments  are  given  directly  by 
Eq.  (16)  considering  Oi  and  <T2  as  the  tilting  angle  of  the  end  mirrors.  Eq.  (16)  makes 
clear  that,  whichever  resonator  component  is  misaligned,  the  dependence  of  the  axis 
displacement  on  the  rod  focal  length  is  always  contained  only  in  the  term  1/C.  The 
behavior,  as  a  function  of  q,  of  1 1/C  |  is  shown  in  Fig,  2(b):  it  is  apparent  that  one  of 
the  two  stability  zone,  denoted  by  zone  II,  is  much  more  sensitive  to  misalignment  than 
the  other,  denoted  by  zone  I.  In  particular,  the  diverging  behavior  in  zone  II  might  be 
troublesome,  especially  when  the  stability  range  is  small. 

Considering  a  resonator  made  only  by  the  rod  and  the  two  end  mirrors,  we  can 
define  two  misalignment  sensitivity  factors  as  [19]: 


Si=^i~ai,  i  =  l,2 


where  ai  is  the  tilting  angle  of  end  mirror  i  that  cause  the  mode  axis  to  displace  by  X3i. 
Since  the  reduction  of  the  output  power  as  a  consequence  of  misalignment  is  caused  by 
the  displacement  of  the  mode  away  from  the  rod  center,  assuming  that  the  decrement 
by  a  half  is  due  to  a  given  shifting  of  the  mode  axis,  the  reciprocal  of  the  tilting  angle 
that  halves  the  output  power  can  be  considered  proportional  to  the  misalignment 
sensitivity  factor  given  by  Eq.  (17).  Experimental  observation  of  the  behavior  of  the 
misalignment  sensitivity  are  reported  in  [20,  28]. 
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3.6.  DESIGN  OF  OPTIMIZED  RESONATORS 

On  the  basis  of  the  previously  discussed  results  we  present  a  procedure  for  designing 
an  optimized  resonator  [19,26].  We  consider  resonators  made  only  by  the  focusing  rod 
and  the  two  end  mirrors,  since  this  approach  provides  for  satisfactory  solutions  in  most 
of  the  cases.  Note,  furthermore,  that  the  addition  of  intracavity  optics  is  not  useful  to 
increase  the  mode  volume  when  the  pump  power  stability  range  (i.e.,  the  width  of  the 
stability  zone)  is  given.  The  resonator  has  to  be  designed  with  consideration  of  the 
following  requirements:  (i)  large  mode  volume  in  the  rod,  so  that  the  active  material  is 
exploited  to  the  greatest  extent,  with  the  rod  acting  as  the  mode  selecting  aperture;  (ii) 
dynamic  stability,  so  that  the  mode  spot  size  in  the  rod  is  insensitive,  to  the  first  order, 
to  fluctuations  of  pump  power;  (iii)  minimum  misalignment  sensitivity,  to  maximize 
the  mechanical  stability  of  the  resonator.  The  design  procedure  assumes  three 
parameters  of  the  laser  as  given,  namely  the  rod  diameter,  the  minimum  rod  focal 
length  corresponding  to  the  maximum  pump  power,  and  the  resonator  length.  The  rod 
diameter  determines  the  maximum  value  of  the  mode  spot  size  in  the  rod,  which  must 
be  large  enough  to  suppress  oscillation  of  higher-order  modes  without  introducing  too 
much  losses  for  the  TEMoo-  Our  experiments  indicate  1.8  as  an  optimum  value  for  the 
ratio  between  the  rod  radius  and  the  TEMoo  spot  size,  although  slightly  different  values 
can  be  found  in  the  literature  [5,7,9,24,44].  The  minimum  rod  focal  length  depends  on 
the  pump  power  level  at  which  the  laser  is  designed  to  operate,  and  generally  is 
determined  by  the  maximum  thermal  load  sustained  by  the  rod  or  by  the  power  supply 
limits.  Lastly,  the  resonator  length  may  be  determined  by  the  maximum  dimensions 
acceptable  for  the  laser  or,  in 
case  of  mode-locking  operation, 
by  the  needed  longitudinal¬ 
mode  fi-equency  separation.  To 
determine  the  resonator 
configuration,  which  is 
sketched  in  Fig.  4,  the  radii  of 
curvature  of  the  mirrors  (Ri 
and  R2)  and  their  distances 
from  the  rod  principal  planes 
(Li  and  L2)  need  to  be 
calculated,  following  the 
previous  considerations.  The 
resonator  equivalent  length  is 
L  =  Li  +  L2. 

Since  Li  and  L2  are  the 
distances  of  the  mirrors  fi-om  the  rod  principal  planes,  L  differs  both  from  the  physical 
distance  between  the  mirrors  and  fi’om  the  optical  path  length  [19].  The  minimization 
of  misalignment  sensitivity  immediately  indicates  that  the  laser  must  operate  in  zone  I, 
so  that  B  =  0  must  be  one  of  the  two  stability  limits.  With  the  help  of  Table  I,  by  using 
the  matrix  elements  appropriate  to  our  case,  this  limit  can  be  expressed  by 
J _ 1__  J_ 


W30 


Figure  4.  Structure  considered  for  the  optimization. 
The  lens  corresponds  to  the  laser  rod  and  the 
distances  Li  and  L2  are  measured  from  the  rod 
principal  planes. 

(18) 


(19) 
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where  l/fe  can  be  set  equal  to  l/tnin  or  to  l/f^m  -  A(l/f),  A(l/f)  being  given  by  Eq.  (10). 
The  spot  size  W30  is  related  to  the  resonator  configuration  through  Eqs.  (7)  and  (lOY 
Without  loss  of  generality  we  can  assume  that  for  our  resonator  IBiDJ  >  |B2D2(, 
since  the  opposite  case  would  lead  to  the  design  of  a  symmetric  configuration.  From 
Eqs.  (7)  and  (10)  we  thus  have: 

|ba|  (20) 

71 


that,  by  using  the  matrix  element  relevant  to  our  case,  can  be  written  as; 


y  2X 
wio  = — Li 

7t 


R. 


(21) 


Eqs.  (18),  (19),  and  (21)  allow  for  the  calculation  of  three  of  the  four  unknown 
resonator  parameters,  namely  Li,  L2,  and  Ri,  However,  four  solutions  may  exist,  and, 
moreover,  R2  is  still  undetermined.  To  precisely  define  the  resonator,  the  misalignment 
sensitivity,  already  controlled  by  the  setting  of  the  operating  point  in  zone  I,  has  to  be 
optimized  with  the  following  considerations.  Since  the  misalignment  sensitivity,  as 
given  by  Eq.  (17),  is  different  for  the  two  mirrors  and  is  a  function  of  the  rod  dioptric 
power  1/f,  we  consider  for  safety  the  worst  case.  We  first  calculate  the  two  maximum 
values  of  the  misalignment  sensitivity  of  the  two  mirrors  Si(l/f)  and  S2(l/f),  reached  by 
varying  1/f  within  the  stability  zone;  then,  we  define  the  'Vorst-case”  misalignment 
sensitivity,  as  the  higher  between  those  two  maxima.  The  quantity  is  a 
function  of  the  distances  Li  and  L2  and  of  the  mirror  radii  Ri  and  R2,  but,  by  definition, 
does  not  depend  on  the  rod  power  1/f: 

^wc  ~  •  (22) 

By  solving  Eqs.  (18),  (19),  and  (21)  and  by  minimizing  we  obtain  the 
following  expressions  that  define  the  resonator  configuration: 


hf  4f.  1 

2[  L  j’ 


L2  —  L  Lj , 


1  _  1  r  7tv4'| 
I,  L,  I,  2XlJ 
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1  1 


Lj  Rj  Rj 


(23) 

(24) 

(25) 

(26) 


Note  that  the  greater  value  of  the  rod  dioptric  power  in  the  operating  zone,  l/fmi„, 
corresponds  to  the  stability  limit  B  ==  0  (i.e.  fe  =  Eq.  (23)  shows  that  a  real 
solution  exists  only  if  L  >  4f^:  this  constrain  is  related  to  the  fact  that  at  the  stability 
limit  B  =  0  the  rod  thermal  lens  images  the  two  end  mirrors  onto  each  other  and  this  is 
possible  only  if  the  distance  between  source  and  image  is  at  least  four  times  the  focal 
length  of  the  lens.  Note  also  that  the  radius  R2  can  be  freely  chosen  within  the  interval 
given  by  Eq.  (26)  without  affecting  the  stability  limits,  the  spot  size  W30  and  the  value 
of  Sv«..  The  last  quantity  is  found  to  be  Sv^  =  L2/w3o  and  corresponds  to  the 
misalignment  sensitivity  of  mirror  2  at  the  stability  limit  1/f  =  1/f^  -  A(l/f).  Note 
lastly  that,  once  the  resonator  has  been  set  up,  a  fine  optimization  of  the  laser 
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performance  is  still  experimentally  possible,  following  [12],  by  moving  the  laser  rod 
and  leaving  unchanged  the  total  resonator  length  and  the  mirror  radii. 

For  a  given  W30  the  stability  range  can  be  doubled  if  the  resonator  is  designed  so 
that  the  stability  zones  are  joined:  the  price  paid  in  this  case  is  a  higher  misalignment 
sensitivity.  With  the  help  of  table  I  we  can  conclude  that  the  two  zones  collapse  in  a 
wider  zone  if  v  =  0  or  u  =  0,  in  the  former  case,  however,  the  stability  limits  C  =  0  and 
B  =  0  are  reached  for  the  same  value  of  rod  focal  length  and  coincide  with  the  center  of 
the  overall  stability  range,  so  that  the  divergence  of  the  misalignment  sensitivity  occurs 
exactly  in  the  middle  of  the  stability  zone,  which  prevents  any  practical  utilization  of 
such  configuration.  Therefore  it  is  preferable  to  set  u  =  0,  so  that  the  misalignment 
sensitivity  diverges  at  one  of  the  overall  stability  limits.  The  best  configuration  is  in 
this  case  obtained  with  Li,  L2,  and  Ri  again  given  by  Eqs.  (23),  (24),  and  (25).  The 
radius  R2  is  determined  by 


Note  that,  in  this  case  too,  the  stability  limit  B  =  0  corresponds  to  the  maximum  pump 
power  level  of  the  stability  zone.  Moreover  note  that  the  misalignment  sensitivity 
diverges  for  a  pump  power  corresponding  to  the  lower  limit  of  the  overall  stability  zone 
(i.e.  for  1/f  =  1/fniin  -  2A(l/f))  and  that  in  the  center  of  the  overall  stability  range  mirror 
1  is  the  more  sensitive  with  Si  =  L1/W30. 

The  key  features  of  the  proposed  design  procedure  that  make  it  very  simple  and 
readily  applicable  can  be  therefore  summarized  as  follows:  the  operating  pump  power 
level  is  essentially  set  only  by  the  distances  of  the  mirrors  from  the  rod;  the  curvature 
of  one  mirror  (Ri)  together  with  its  distance  from  the  rod  (Li)  determine  the  mode  spot 
size  in  the  rod;  finally,  the  curvature  of  the  second  mirror  (R2)  does  not  influence  either 
the  operating  pump  power  level  nor  the  mode  volume,  but  only  sets  the  misalignment 
sensitivity. 


4.  Optimized  Resonator  for  TEMoo  Nd:YAG  Laser 

As  an  example  of  application  of  the  procedure  outlined  in  Sec.  3,6  we  consider  the 
design  of  a  Nd:  YAG  laser  using  a  rod  of  3  mm  diameter  and  75  mm  length.  The  rod 
focal  length  is  fmin  =  257  mm  at  5.0  kW  pump  power.  The  resonator  is  assumed  to  be 
135  cm  long.  The  appropriate  spot  size  at  the  ^mamically  stable  point  for  the  rod 
diameter  considered  is  W30  =  0.83  mm.  The  optimized  resonator  satisfying  these 
specifications,  sketched  in  Fig.  5(a),  has  Li  =  1006  mm,  L2  =  345  mm,  and  Ri  =  00,  For 
the  radius  of  curvature  mirror  M2,  R2  =  400  mm  has  been  chosen,  according  to  Eq. 
(26).  The  output  is  taken  from  the  plane  mirror  that  has  a  reflectivity  of  80%.  The 
output  power  as  a  function  of  the  input  power  is  shown  as  curve  (a)  in  Fig.  5.  The 
maximum  of  the  curve  reaches  about  18  W,  This  laser,  when  mode-locked  [27]  with  an 
acousto-optic  modulator,  gives  an  average  output  power  of  14  W  with  pulses  of  90  ps 
(FWHM).  The  short  pulse  duration  confirms  the  single  transverse  mode  operation.  The 
optimization  of  the  misalignment  sensitivity  leads  to  a  considerable  mechamcal 
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stability:  in  fact,  the  tilting  angle  to  reduce  by  50%  the  output  power  at  the  peak  of  the 
curve  is  1. 1  mrad  for  the  concave  mirror  and  10  mrad  for  the  plane  mirror. 

For  the  same  laser  at  the  same  conditions,  a  resonator  with  the  joined  zones  has 
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Figure  5.  Output  power  in  the  single  transverse  mode  of  a  CW  Nd;YAG  laser  as  a  function  of 
the  input  power  to  the  lamp  (right).  The  optimized  resonators  are  shown  on  the  left.  The 
mirror  distances  are  measured  with  reference  to  the  rod  principal  planes  located  at  21  mm 
from  the  rod  end  faces. 


also  been  tested.  The  obtained  configuration  is  shown  in  Fig.  5(b);  the  concave  mirror 
is  replaced  by  a  convex  mirror  of  -190  mm  radius  of  curvature,  whereas  the  distances 
Li  and  L2  are  sli^tly  different  from  those  of  the  previous  resonator  to  allow  the 
utilization  of  the  available  radii  of  curvature  for  mirror  M2.  The  output  power  curve  is 
shown  in  Fig.  5  as  line  (b).  It  can  be  seen  that  also  in  this  case  the  maximum  power  is 
about  18  W.  The  operation  in  mode-locking  regime  gives  the  same  results  as  in  the 
previous  case.  Although  the  misalignment  sensitivity  is  higher  than  before,  it  is  still 
satisfactory:  at  the  peak  of  the  output  power  curve  the  half  power  angle  for  the  convex 
mirror  is  2.2  mrad  and  0.71  mrad  for  the  plane  mirror.  A  comparison  of  this  results 
with  data  available  from  the  literature  and  from  technical  data  sheets,  indicates  that  the 
reported  value  of  output  power  (18  W)  is  close  to  the  maximum  obtainable  fi'om  a 
Nd:  YAG  rod  of  the  given  size. 


5.  Optimized  Resonator  for  TEMoo  Nd:YLF  Laser 

As  shown  in  Fig.  5,  in  practice,  TEMoo  Nd:  YAG  lasers  of  high  power  can  only  work  at 
the  value  of  input  power  corresponding  to  the  peak  of  the  output  power  curve.  To 
overcome  the  limitation  caused  by  the  very  small  stability  range  of  Nd:  YAG,  materials 
with  lower  thermal  leasing  (such  as  Nd:YLF)  must  be  used.  In  the  recent  years  high- 
quality  Nd:  YLF  rods  of  large  size  have  become  available  and  CW  output  power  as  high 
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as  40  W  [33-36]  in  pure  TEMoo  beams  have  been  demonstrated  As  an  alternative  to 
NdYAG,  Nd:YLF  presents  the  following  important  advantages:  (i)  the  change  of 
refractive  index  with  temperature  is  nearly  zero,  so  that  thermal  lens  effects,  although 
present,  are  greatly  reduced^  (ii)  it  is  a  uniaxial  crystal,  so  that  its  natural  birefringence 
greatly  exceeds  and  masks  the  thermally  induced  one. 

In  this  section  we  present  the  results  we  obtained  by  using  a  Nd:  YLF  rod  of  large 
cross-section  (6.35  mm  diameter)  in  a  CW  high  power  TEMoo  laser.  The  problems 
connected  with  a  large  TEMoo 
mode  spot  size  have  been 
solved  by  using  an  appropriate 
resonator  design  both  for  the 
1053  nm  and  1047  nm 
transition.  A  careful  resonator 
design  allows  us  to  take 
advantage  of  the  higher  gain  of 
the  1047  line  in  terms  of  output 
power  and  efficiency,  despite 
the  stronger  thermal  lensing 
effects. 

The  NdYLF  rod  with  1% 
atomic  Nd  doping  was  104  mm 
in  length  and  6.35  mm  in 
diameter  and  was  cut  with  the 
crystallographic  axis  c 
orthogonal  to  the  rod  axis.  The 
rod  was  pumped  by  a  6x100 
mm  krypton  arc  lamp  in  a  gold 
plated  elliptic  pot.  By  using  a 
resonator  430  mm  long  with  a 
high  reflectivity  concave  mirror 
of  1  m  radius  of  curvature,  an 
80%  transmitting  concave 
mirror  of  1.5  m  radius  of 
curvature,  and  with  the  rod 
placed  in  the  center,  an  output 
power  of  80  W  in  multimode 
regime  at  X,  =  1047  nm  was 
achieved  at  7  kW  input  power. 

5.1.  THERMAL  LENS  OF 
NdYLF 

To  appropriately  design  the 
TEMoo  resonator  a  careful 
measurement  of  the  thermal 
focal  length  is  required.  To  this 


Figure  6.  Dioptric  power  of  a  Nd:  YLF  rod  (6.35  mm 
diameter,  104  mm  length)  as  a  function  of  the 
electrical  pump  power  entering  the  lamp  for  two 
polarization  of  the  beam.  For  each  polarization  the 
triangles  represent  the  dioptric  power  measured  in  the 
plane  parallel  to  c  axis  and  the  squares  that  in  the 
peipendicular  plane,  (a)  Electric  field  parallel  to  c 
axis;  the  coefficient  of  the  interpolating  straight  line 
[Eq.  (28)]  are  kx  =  -1.3  m/kW  and  ky^-4.4  m/kW. 
(b)  Electric  field  perpendicular  to  c  axis;  the 
coefficient  of  the  interpolating  straight  hne  are 
kx  =  -0.89  m/kW  and  ky  -  0.72  m/kW. 
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purpose,  the  spot  size  of  a  TEMoo  He-Ne  passed  through  the  pumped  rod  at  various 
pump  power  levels  has  been  measured  at  several  distances  from  the  rod.  The  values  of 
the  thermal  focal  length  have  been  obtained  by  fitting  the  data.  The  Nd:YLF  being 
anisotropic,  different  values  of  dioptric  power  are  measured  for  the  two  different  beam 
polarizations  corresponding  to  the  1047  transition  (electric  field  parallel  to  the  c  axis) 
and  1053  transition  (electric  field  orthogonal  to  the  c  axis).  Due  to  astigmatism  two 
values  of  dioptric  power  are  measured  for  each  polarization  in  two  orthogonal  planes. 
The  plots  of  the  measured  values  of  dioptric  power  as  a  function  of  the  pump  power  are 
shown  in  Fig.  6.  The  data  have  been  fitted,  using  the  least  mean  squares  procedure,  by 
the  linear  relationship 

Dx,y  “  kx,yPin/(7Ca  ),  (28) 

Dx  being  the  dioptric  power  for  polarization  parallel  to  the  rod  optic  axis  c,  Dy  the 
dioptric  power  along  the  perpendicular  direction,  and  a  the  rod  radius  (a  =  3.18  mm). 
The  values  of  the  coefficients  and  ky  are  given  in  the  caption  of  Fig.  6  and 
substantially  agree  with  the  data  reported  in  [34,35],  except  for  some  discrepancies 
which  might  be  explained  with  differences  in  the  pumping  configuration.  These 
measurements  show  that,  although  smaller  than  in  Nd:YAG,  thermal  leasing  effects 
are  not  negligible;  furthermore,  for  both  lines  Nd:  YLF  presents  a  strong  astigmatism, 

5.2.  RESONATOR  DESIGN 

Figure  7  shows  the  resonator  structure  used  in  the  experiments:  it  includes  a  spherical 
lens  and  a  cylindrical  lens.  The  spherical  lens  allows  operation  of  the  resonator  in  a 
stability  region  of  low  misalignment  sensitivity  [36],  The  cylindrical  lens  compensates 
the  rod  thermal  lens  astigmatism.  The  value  of  input  power  at  which  the  astigmatism  is 
perfectly  compensated  must  be  the  highest  power  available  fi-om  the  supply.  On  the 
basis  of  the  thermal  lens  data  we  designed  and  set  up  optimized  resonators,  at  both 
1047  nm  and  1053  nm, 
with  fundamental  mode 
spot  size  W3  inside  the 
laser  rod  ranging  from 
1  to  2  mm.  On  account 
of  the  difference  in  the 
thermal  lens  for  the 
polarization  directions 
corresponding  to  the 
1047  nm  line  and  to 
the  1053  nm  line,  the 
optimized  resonators 
are  optically  stable  only 
for  a  specific 
wavelength.  Therefore 
no  tuning  nor 
polarizing  elements  are 
required  to  select  the 
operating  wavelength 


k  ^  fs  R, 


Figure  7.  Optimized  resonator  configuration  for  Nd:YLF.  fs  is 
a  spherical  lens  and  fc  is  a  cylindrical  lens.  The  rod  is  oriented 
with  the  c  axis  (x  direction)  horizontal.  For  operation  st  X - 
1047  nm  the  resonator  data  are:  Ri  =  500  mm,  fc  =  1018  mm 
(along  the  y  direction)  fs  =  220  mm,  R2  =  -200  mm,  Lr  =  173 
mm,  Lc  ==  107  mm,  Ls  ==  180  mm,  L2  =  888  mm.  For  operation 
at  X  =  1053  nm  the  resonator  data  are:  Ri  =  500  mm,  fc 
removed,  fs  =  183  mm,  R2  =  -200  mm,  Lr  +  Lc  =  198  mm,  Ls 
=  212  mm,  L2  =  784  mm,  spherical  lens  tilt  angle  =  11®  in  the 
X  direction. 
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and  polarization.  To  characterize  the  resonator,  the  output  power,  the  beam  profile, 
and  the  misalignment  sensitivity  have  been  measured.  The  beam  profile  has  been 
recorded  using  a  CCD  camera.  The  beam  was  characterized  by  measuring  its  factor 
[51]  with  the  following  method:  a  waist  was  created,  with  the  help  of  a  converging 
lens,  and  its  spot  size  Wi  is  measured.  A  lens  of  focal  length  f  was  then  placed  after  the 
waist  and  the  beam  spot  size  Wa  in  its  focus  was  recorded.  The  beam  quality  is  given  by 
=  7lWiW2/(^f)- 

5.3.  EXPERIMENTAL  RESULTS 

The  first  set  of  experiments  was  carried  out  at  1047  nm.  For  values  of  spot  size  in  the 
rod  (ws)  greater  than  1.65  mm,  without  pinholes  in  the  cavity,  a  beam  with  a  clean 
gaussian  profile  was  measured.  Different  combinations  of  cylindrical  and  spherical 
lenses  have  been  used  in  order  to 
achieve  astigmatism  compensation 
at  the  highest  lamp  power.  Figure  8 
shows  a  typical  input-output  curve 
for  W3  =  1.8  mm,  which  was  found 
to  be  the  optimum  value.  With  the 
resonator  described  in  Fig.  7  an 
output  power  of  40  W  was  obtained 
with  7  kW  pump  power,  with  a 
reflectivity  of  the  output  mirror 
(mirror  R2  in  Fig.  7)  of  80%,  which 
was  the  optimum  value.  The  output 
power  long  term  stability  was 
measured  to  be  better  than  2%. 

Note  that  the  threshold  is 
determined  by  the  optical  stability 
of  the  resonator,  which  changes 
with  the  pump  power  level,  and  that 
a  reasonably  large  input  power 
stability  range  of  2  kW  has  been 
achieved.  At  an  input  power  of  7 
kW,  corresponding  to  40  W  output  power,  the  thermal  astigmatism  of  the  rod  was 
adeqxiately  compensated  and  the  output  beam  had  a  circular  cross-section.  The 
measured  profile  of  the  output  beam  at  the  maximum  pump  power  is  shown  in 
Fig.  9(a)  along  with  the  gaussian  fitting  curve.  Since  a  complete  astigmatism 
compensation  is  obtained  only  at  a  given  pumping,  at  an  input  power  of  6  kW 
(corresponding  to  20  W  output  power)  the  beam  cross  section  was  elliptical:  on  the 
output  mirror  the  spot  size  along  the  x  direction  was  1.2  times  larger  than  in  the  y 
direction.  The  shape  of  the  output  beam  profile  and  the  measurement,  which 
yielded  at  the  maximum  output  power  the  value  1.12,  confirmed  that  the  beam  is 
essentially  diffraction  limited. 


Figure  8.  Typical  input-output  curves  for  a  CW 
TEMoo  Nd:YLF  laser  with  the  optimized 
resonators  of  Fig.  7. 
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The  second  set  of 
experiments  was  carried  out  at 
1053  nm.  Due  to  the  higher 
sensitivity  to  intracavity  losses 
caused  by  the  lower  gain  of  the 
transition,  the  cylindrical  lens 
was  removed  and  the  astigmatism 
compensation  was  achieved  by 
tilting  the  spherical  lens  [40], 
obtaining  in  this  way  two 
different  effective  focal  lengths  in 
the  tangential  and  sagittal  planes. 

With  the  resonator  described  in 
Fig.  7,  which  gives  a  spot  size  in 
the  rod  W3=1.75  mm,  using  an 
output  coupler  reflectivity  of  90% 
a  maximum  TEMqo  output  power 
of  35  W  was  obtained.  As  the 
input-output  curve  reported  in 
Fig.  8  shows,  however,  the  output 
power  drops  abruptly  to  zero 
below  5  kW  and  the  input  power 
stability  range  is  not  as  wide  as 
would  be  predicted  by  the  theory. 

On  account  of  the  lower 
astigmatism  at  this  wavelength 
with  respect  to  the  1047  nm  line, 
the  output  beam  cross-  section 
remained  nearly  circular  within  a 
pump  power  range  from  5  to  7 
kW.  The  measured  profile  of  the 
output  beam  at  the  maximum 
pump  power  is  shown  in  Fig.  9(b) 
along  with  the  gaussian  fitting 
curve.  At  the  highest  output 
power  the  factor  has  been 
measured  to  be  1.15.  The  shape 
of  the  output  beam  profile  and  the  value  of  the  factor  indicate  that  the  laser 
oscillates  on  the  TEMqo  mode.  It  should  be  noted  that  with  this  resonator  design  the 
overall  efficiency  atX-  1047  nm  was  0.54%  and  at  A,  =  1053  nm  was  0.46%:  both 
these  values  are  remarkable  high  for  a  lamp  pumped  TEMqq  laser. 

Finally  we  evaluated  the  resonator  sensitivity  to  misalignment  by  measuring  output 
power  as  a  function  of  the  tilting  angle  of  mirror  Ri  which  was  the  most  sensitive  one. 
The  tilting  angle  needed  to  reduce  the  output  power  by  20%  was  about  1  mrad,  which 
demonstrates  the  low  sensitivity  of  the  resonator  structure  to  external  perturbations. 
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In  conclusion,  nearly  perfect  TEMqo  gaussian  beams  with  power  as  high  as  40  W 
can  be  generated  using  Nd:YLF  and  an  optimized  resonator.  The  experimental  results 
indicate  that  the  most  satisfactory  trade-ofif  between  thermal  leasing  and  gain  of  the 
transition  can  be  obtained  at  the  wavelength  of  1047  nm. 


6.  A  High  Power  CW  Intracavity  Frequency  Doubled  TEMoo  Nd:YLF  Laser 

Intracavity  and  external  resonant  cavity  frequency  doubling  of  CW  Neodymium  lasers 
have  been  deeply  studied  for  various  applications.  By  using  an  external  cavity  TEMoo 
single  longitudinal  mode  outputs  with  power  up  to  6.5W  at  532  nm  have  been  obtained 
starting  from  an  injection  locked  lamp  pumped  Nd:YAG  laser  [52].  If  single 
longitudinal  mode  is  not  a  requirement,  intracavity  frequency  doubling  represents  a 
much  simpler  technique  to  achieve  high  output  power  from  CW  lasers.  In  particular,  a 
CW  lamp  pumped  Nd:YAG  laser  generating  a  multi-transverse  mode  output  beam 
with  power  up  to  9  W  at  532  nm  has  been  reported  [53].  However,  the  development  of 
CW  high  power  intracavity  doubled  systems  has  strongly  been  hindered  by  severe 
power  instabilities  due  to  the  nonlinear  interaction  of  the  longitudinal  modes,  which 
have  been  referred  to  as  “the  green  problem”  [54].  Recently  it  has  been  experimentally 
demonstrated  that  this  problem  can  be  effectively  solved  using  a  particular  resonator 
design:  with  a  long  resonator  operating  in  multi-axial-mode  regime  stable  output 
beams  with  power  as  high  as  14  W  have  been  generated  [55,37,56].  An  alternative 
solution  based  on  a  ring  resonator  operating  in  single  longitudinal  mode  has  also  been 
demonstrated  [57]. 

In  this  section  we  report  on  the  development  of  a  CW  lamp  pumped  Nd:YLF  laser 
intracavity  frequency  doubled  for  the  generation  of  high  power  TEMoo  green  beams 
(X  =  523.5  nm)  and  on  an  effective  solution  of  the  green  problem  that  allows  to  obtain 
highly  stable  output  power  [37,55].  The  key  points  of  the  developed  laser  mainly 
consist  in  the  use  of  Nd:  YLF  as  the  active  material,  LBO  as  the  frequency  doubling 
crystal,  and  in  a  special  resonator  configuration  optimized  for  high  power  TEMoo 
operation  and  low  sensitivity  to  resonator  misalignment.  The  advantages  of  LBO  as 
frequency  doubler  are  mainly  related  to  the  possibility  of  type  I  temperature  tuned 
noncritical  phase  matching  (NCPM)  [58],  In  fact,  the  infrared  beam  remains  linearly 
polarized  as  it  propagates  through  the  crystal,  so  that  the  polarization  of  the  oscillating 
modes  is  not  modified  by  the  crystal.  This  property  is  crucial  in  connection  to  Nd:  YLF 
that  emits  polarized  light.  The  NCPM  in  LBO  also  provides  a  large  angular  acceptance 
and  does  not  present  the  walk-off  effect,  so  that  long  crystals  can  be  used  to  achieve 
high  efiSciency.  Finally,  the  resonator  must  be  designed  to  provide  a  large  TEMoo  mode 
volume  in  the  rod,  a  tight  focus  inside  the  LBO  crystal,  and  low  misalignment 
sensitivity  for  stable  and  reliable  operation. 

6.1.  RESONATOR  DESIGN 

For  the  experiments  we  used  a  CW  lamp  pumped  Nd:  YLF  rod  with  1%  atomic  Nd 
doping,  104  mm  in  length  and  6.35  mm  in  ^ameter,  cut  with  the  crystallographic  c 
axis  orthogonal  to  the  rod  axis.  The  end  faces  of  the  rod  were  polished  with  opposite 
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tilting  of  12  minutes.  The  LBO  crystal  was  15  mm  long  with  both  faces  antireflection 
coated  at  1047  nm  and  523.5  nm  and  was  mounted  in  an  oven  for  temperature  tuned 
NCPM.  In  these  conditions  the  IR  and  SH  beams  propagate  along  the  x  axis  of  the 
crystal,  the  IR  being  polarized  along  the  z  axis  and  the  SH  along  the  y  axis. 

The  resonator  used  for  the  experiments  is  shown  in  Fig.  10  and  is  basically  derived 
from  the  optimized  configuration  described  in  Sect.  5.  The  spherical  lens  fr  is  designed 
to  provide  for  a  large  mode  volume  in  the  Nd:YLF  rod  and  to  make  the  laser  work  in 
the  low  misalignment  sensitivity  zone.  The  cylindrical  lens  fb  compensates  for  the 

thermal  lens 

astigmatism  of  the 
Nd:YLF  rod.  Mirror 
M2  is  used  to  extract 
the  second  harmonic 
(SH)  generated  in  both 
directions  inside  the 
nonlinear  ciystal.  To 
create  a  focal  point  in 
the  middle  of  the 
doubling  crystal,  a 
concave  mirror  (M3  in 
Fig.  10)  of  radius  R3 
placed  at  a  distance  « 
R3  from  the  middle  of 
crystal  can  be  used. 
This  arrangement, 
traditionally  adopted 
in  most  of  intracavity 
frequency  doubled 
lasers  [40],  results, 
however,  in  high 
misalignment 
sensitivity.  To  reduce 
the  resonator 

misalignment  sensitivity  we  used  a  different  solution:  mirror  M3  was  replaced  by  a 
plane  mirror  (M4)  and  a  spherical  mirror  M3  that  images  with  a  suitable  magnification 
the  central  plane  of  the  crystal  on  the  end  mirror  (M4).  The  spot  size  in  the  Nd:  YLF 
rod  and  that  in  the  LBO  crystal  are  the  same  in  the  two  cases,  but,  according  to  theory 
presented  in  Sec.  3,  this  configuration  presents  a  much  lower  misalignment  sensitivity 
because  the  end  mirror  lie  nearly  in  optically  conjugated  planes  [30].  The  resonator 
arm  to  the  right  of  the  Nd:  YLF  rod  in  Fig.  10  sets  the  TEMoo  mode  spot  size  in  the  rod 
to  1.8  mm,  which  is  the  value  needed  for  optimum  filling  of  the  rod.  In  this  way  the 
laser  operates  on  the  TEMoo  mode  at  1047  nm  without  requiring  an  intracavity 
aperture  and  a  wavelength  selecting  element,  since  the  resonator  is  unstable  for  the 
second  transition  of  Nd:  YLF  (X  =  1053  nm)  due  to  the  different  thermal  focusing.  The 
TEMoo  mode  spot  size  at  the  beam  waist  inside  the  LBO  crystal  is  «  25  pm.  Mirror  M3 


Figure  10.  Resonator  configuration  for  intracavity  second 
harmonic  generation  with  a  CW  Nd:YLF  laser,  is  a  spherical 
l^s  (150  mm),  jfc  is  a  cylindrical  lens  (2500  mm  in  the  plane 
orthogonal  to  c  axis  of  the  Nd:YLF  rod),  ^3  (100  mm) 
replaces  M4  and  M3  (250  mm)  in  the  traditional  configuration. 
Ml  (-200  mm)  is  totally  reflecting  at  1047  nm;  M3,  M4  and  M3 
are  totally  reflecting  both  at  1047  nm  and  523.5  nm;  M2  totally 
reflects  1047  nm  and  transmits  87%  at  523.5  nm.  The  c  axis  of 
the  Nd:YLF  rod  and  the  z  axis  of  the  LBO  crystal  are  in  the 
plane  of  the  figure. 
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was  used  instead  of  a  lens  to  avoid  chromatic  aberration  effects  and  its  tilting  angle 
was  kept  small  enough  to  make  its  astigmatism  effects  negligible. 

6.2.  EXPERIMENTAL  RESULTS 

The  measured  SH  output  power  as  a  function  of  the  intracavity  IR  power  showed 
the  expected  parabolic  behavior.  Typically  SH  powers  of  10  W  could  be  easily 
obtained.  At  a  pumping  level  of  7  kW  the  maximum  measured  SH  power  was  13.5  W 
in  correspondence  to  a  155  W  intracavity  IR  power.  In  this  test  a  lens  with  focal  length 
153  mm  was  used  instead  of  the  concave  mirror  M3.  Taking  into  account  the  residual 
reflectivity  of  mirror  M2  and  the  losses  of  the  lens,  the  total  generated  power  at  523.5 
nm  can  be  estimated  to  be  16.8  W.  When  mirror  Mi  was  replaced  by  one  with  90% 
reflectivity  for  the  IR  (optimum  output  coupling)  and  the  LBO  temperature  was 
detuned  from  the  phase  matching,  an  infrared  output  power  of  18.5  W  was  obtained  in 
correspondence  to  a  pump  power  of  7  kW.  This  configuration,  therefore,  achieves 
about  90%  conversion  of  the  available  IR  power.  The  durability  of  the  second  harmonic 
crystal  at  these  power  levels  is  one  of  the  major  concerns  of  this  type  of  systems.  Bulk 
damage  has  never  been  observed  in  the  various  crystals  tested.  However,  anisotropic 
expansion  of  the  LBO  requires  particular  coating  to  avoid  damaging. 

The  measured  degree  of  linear  polarization  of  the  output  green  beam  exceeded 
100:1.  The  measurement  of  the  spatial  quality  of  the  green  beam  by  the  M^  factor 
yielded  the  value  1.2  and  confirmed  that  the  green  beam  is  essentially  diffraction 
limited,  as  the  infrared  beam  is.  The  ellipticity  of  the  green  beam  was  negligible.  The 
LBO  temperature  tuning  curve  obtained  by  measuring  the  SH  power  as  a  function  of 
the  temperature  set  on  the  electronic  oven  controller  changed  deeply  with  respect  to  the 
extracavity  behavior.  The  curve  broadened  from  2.8  °C  to  9.5  °C  (FW  at  half  second 
harmonic  efficiency),  became 
asymmetric  showing  an  abrupt 
drop  at  162  °C,  and  the  peak 
shifted  by  12  °C  to  lower 
temperature.  Also,  a  marked 
hysteresis  was  observed.  All 
these  observations  can  be 
explained,  according  to 
theoretical  predictions  [59], 
considering  the  crystal  heating 
due  to  IR  absorption. 

The  stability  of  the 
resonator  against  misalignment 
was  characterized  by  measuring 
the  reduction  of  the  IR  output 
power  as  a  function  of  the 
steering  angle  of  mirror  M3, 
after  detuning  the  LBO 
temperature  from  phase 
matching  and  replacing  mirror 
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Ml  with  a  90%  reflectivity  output  coupler  for  the  IR.  For  the  purpose  of  comparison  the 
measurements  have  been  also  performed  on  the  more  traditional  configuration 
previously  discussed  by  tilting  mirror  M's  (see  Fig.  10).  The  data  shown  in  Fig.  11 
indicate  that  our  configuration  is  about  20  times  less  sensitive  to  misalignment  than 
the  traditional  one.  For  both  resonators,  the  misalignment  sensitivity  of  mirror  Mi  was 
about  one  order  of  magnitude  lower. 


6.3.  A  SOLUTION  TO  THE 
“GREEN  PROBLEM” 


The  temporal  stability  of 
the  output  power  was  found  to 
be  strongly  dependent  on  the 
LBO  alignment.  With  the 
crystal  faces  aligned 
perpendicular  to  the  laser 
beam,  a  strongly  spiking 
behavior  was  observed  on  a  10 
ms  time  scale  as  shown  in 
Fig.  12.  When  the  crystal  was 
tilted  from  normal  incidence  by 
1.3°  around  the  y  axis, 
however,  the  stability  improved 
dramatically  and  the  peak  to 
peak  fluctuations  dropped  to 
less  than  ±1%.  Note  that  this 
tilting  did  not  result  in  a 
significant  change  of  the  output 
power,  owing  to  the  large 
acceptance  angle  of  LBO  under 
NCPM.  In  this  condition  no 
significant  changes  in  the 
output  power  were  detected 
during  hours  of  observation.  To 
understand  the  origin  of  this 
stabilization  effect  upon  tilting, 
we  recorded  the  IR  optical 
spectrum  for  the  two  regimes 
using  a  plane  Fabry-Perot 
interferometer.  When  the 
crystal  was  tilted  and  the  output 
stable,  the  spectrum  was 
smooth  with  a  bandwidth 
(FWHM)  of «  18  GHz.  Taking 
into  account  the  resonator 
length  (1.92  m),  this  width 
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corresponds  to  ^ut  250  oscillating  longitudinal  modes.  In  the  unstable  regime  the 
spectrum  split  up  into  4-5  sub-bands  separated  by  ^ut  8  GHz  and  each  containing 
less  than  50  modes.  The  spectrum  itself  in  this  case  was  not  stable  because  the  power 
in  the  sub-bands  was  found  to  be  strongly  oscillating  on  a  ms  time  scale. 

To  understand  these  results  we  recall  that  the  cfynamics  of  intracavity  doubled 
lasers  can  be  modeled  by  a  set  of  rate  equations,  one  for  each  longitudinal  mode  and 
one  for  the  gain  of  each  mode  [54].  Solutions  of  these  nonlinear  equations  with 
traditional  laser  parameters  show  instability  and  chaotic  behavior  [54,60],  The 
condition  for  the  stability  of  the  steacfy  state  solution  derived  in  [60]  predicts  that  the 
stability  of  the  lasers  increases  by  increasing  the  round  trip  time  and  the  number  of  the 
oscillating  modes.  On  the  other  hand  it  can  be  shown  that  a  large  ratio  of  the  mode 
cross-section  in  the  active  material  to  that  in  the  SH  crystal  tends  to  drive  the  laser 
unstable.  On  this  basis  we  can  explain  the  stabilization  effect  as  being  essentially  due 
to  the  long  resonator  length  and  to  the  large  number  of  oscillating  modes.  Indeed,  by 
comparing  our  laser  to  short  cavity  diode  pumped  lasers  where  the  green  problem  is 
usually  observed  we  notice  that  the  stabilization  effect  takes  advantage  by  a  factor 
«  10^  in  the  number  of  oscillating  modes  (i.e.,  250  instead  of  a  few)  and  by  a  factor 
«  10^  in  the  round  trip  time.  On  the  other  hand,  the  spot  size  in  the  active  material  is 
in  our  case  much  larger  than  that  in  the  SH  crystal,  instead  of  being  nearly  equal,  and  a 
factor  «  10^  in  the  cross  section  ratio  is  therefore  lost,  which  is  however  not  enough  to 
overcome  the  stabilization  effect  arising  from  the  long  cavity  length.  According  to  this 
interpretation,  the  instability  observed  with  the  LBO  aligned  could  be  explained  by  the 
reduction  of  the  number  of  modes  which  are  simultaneously  oscillating,  caused  by 
some  etalon  effect  arising  from  the  residual  reflectivity  of  the  crystal  faces.  In  fact,  the 
spectral  separation  between  two  consecutive  sub-bands  was  found  to  correspond  to  the 
free  spectral  range  of  such  etalon.  As  a  further  proof  of  our  interpretation  we  note  that 
the  insertion  of  a  3  mm  thick  glass  etalon  did  produce  a  similar  unstable  behavior.  In 
conclusion,  the  results  demonstrated  that  the  “green  problem”  can  effectively  be  solved 
by  using  suitable  resonators  and  high  power  CW  beams  in  the  green  can  be  obtained 
with  solid  state  lasers. 


7.  Conclusions 

We  presented  a  theoretical  stucfy  of  various  problems  related  to  stable  resonators  for 
high  power  diffraction  limited  solid  state  lasers,  with  a  particular  emphasis  on  the 
dynamic  and  mechanical  stability.  It  has  been  shown  that  the  active  material  thermal 
lens,  arising  from  pump  power  dissipation  in  the  laser  rod,  is  a  crucial  element  that  can 
be  usefully  exploited  in  order  to  optimize  the  laser  performance  in  terms  of  mode 
volume,  power  extraction  efficiency  and  cfynamic  stability.  It  has  also  been  shown  that 
in  any  resonator  the  detrimental  effects  due  to  unavoid^le  mechanical  instabilities  can 
be  minimized  whenever  a  careful  design  is  used.  Finally,  practical  design  criteria  for 
optimized  stable  resonators  have  been  derived.  We  proved  these  criteria  to  be 
successful  in  a  few  interesting  cases,  including  high  power  Nd:YAG  and  Nd:YLF 
lasers.  Particularly  noteworthy  are  the  performances  of  the  CW  Nd:  YLF  laser  emitting 
a  TEMoo  beam  at  1047  nm  of  40  W  and  of  the  CW  intracavity  frequency  doubled 
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TEMoo  Nd:YLF  laser  emitting  13.5  W  at  523.5  nm  without  the  instability  related  to  the 
“green  problem”. 
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Abstract.  The  performance  of  passively  Q-switched  high-average  power  longitudinally 
diode  laser-pumped  Nd:YAG  lasers  was  analyzed.  F2’:  LiF  color  center  saturable 
absorbers  were  used  as  passive  Q-switch.  The  influence  of  the  unsaturated  initial 
transmission.  To,  and  the  pump  power  on  the  laser  parameters  was  investigated.  For  To 
between  54  %  and  80  %  and  pump  powers  up  to  57  W,  a  wide  range  of  repetition  rates, 
energies,  dmations  and  peak  powers  were  obtained.  A  stable  plane/plane  resonator  was 
chosen  to  have  a  compact  and  easy-to-align  laser  system.  With  T  o  =  80  %  initial 
transmission,  a  maximum  average  output  power  of  5.8  W  was  achieved  with  13  % 
slope  efficiency  and  50  ns  pulse  duration.  Other  parameters  led  to  pulses  as  short  as  10 
ns. 


1.  Introduction 

Q-switched  Nd:YAG  lasers  are  attractive  coherent  light  sources  for  a  large  number  of 
applications  in  material  processing  such  as  laser  drilling  [1]  and  laser  micromachining 
[2],  Compact,  reliable  and  cheap  lasers  are  demanded  for  this  kind  of  applications. 
Actively  Q-switched  lasers  have  been  widely  used  to  set  up  compact  systems  [3].  They 
are  the  system  of  choice,  if  specific  repetition  rates  or  pulse  synchronization  are 
needed.  The  disadvantage  of  this  technique  is  that  the  laser  requires  an  external 
driving  circuitiy  and  often  additional  optical  devices  like  polarizers  or  lenses. 
Moreover  the  maximum  repetition  rate  is  usually  limited  to  a  few  kilohertz.  A  variety 
of  devices  are  suited  for  passive  Q-switching  with  the  effect  of  saturable  absorption, 
often  called  “  bleaching  “.  Solid-state  saturable  absorbers  are  preferably  used  for 
passive  Q-switching,  because  the  well  known  dye  systems  acting  as  saturable  absorbers 
suffer  from  handling  and  reliability  issues.  Using  an  antiresonant  Fabry-Perot  saturable 
absorber  (A-FPSA)  [4],  passive  Q-switching  of  microchip  lasers  was  demonstrated  [5]. 
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Low-temperature  MBE  growth  allows  a  large  design  freedom  to  adjust  physical 
parameters  of  such  passively  Q-switched  lasers,  for  example  saturation  intensity, 
insertion  loss  and  modulation  depth.  Unfortunately,  low  damage  thresholds,  typical  of 
semiconductors,  make  it  difficult  to  scale  these  lasers  to  average  power  levels  of  several 
watts,  as  required  in  the  micromachining  applications.  The  passive  Q-switching  of  cw 
pumped  Nd:YAG  laser  was  also  demonstrated  by  using  doped  crystals  [6-9]. 
Stable  laser  operation  with  repetition  rates  of  kilohertz  was  obtained  over  a  large  range 
of  average  output  powers  from  hundreds  of  milliwatts  to  tens  of  watts.  Simplicity  and 
high  damage  threshold  (over  40  GW/cm^)  are  the  characteristics  of  another  class  of 
saturable  absorbers:  Lithium  Fluoride  color-center  crystals,  F2‘:LiF,  ideally  suited  for 
use  in  compact  laser-diode-pumped  lasers  at  medium  to  high  average  output  powers 
[10-12].  In  ref.  [10]  a  very  efficient  (optical  slope  efficiency  of  40  %)  laser  passively 
Q-switched  by  F2‘:  LiF  crystals  was  presented,  but  its  average  output  power  was 
limited  to  260  mW.  In  ref.  [11]  and  ref  [12]  the  laser  output  power  was  5.9  W  and 
24  W,  respectively,  but  the  optical  slope  efficiency  was  less  than  1  %  in  both  cases 
because  of  the  flash  lamp  pumping. 

In  the  present  paper  we  describe  the  characterization  of  an  all-solid-state  cw  diode- 
pumped  Nd:YAG  laser,  operating  at  the  wavelength  of  1064  run,  passively  Q-switched 
by  F2‘:LiF  crystals.  A  high-power  end-pumped  sapphire-plate  cooled  rod  laser 
configuration  [13]  was  investigated  experimentally,  in  order  to  obtain  both,  high 
optical  slope  efficiency  and  high  average  output  power.  The  influence  of  single-pass 
unsaturated  transmissions  of  F2':  LiF  crystals  on  the  laser  parameter  was  investigated 
as  a  fimction  of  the  pump  power  in  order  to  achieve  a  large  flexibility  in  the 
Q-switched  pulse  characteristics. 


2.  Experimental  setup 

Laser  parameters  of  the  passively  Q-switched  Nd:YAG  laser  were  investigated  with 
four  different  saturable  absorber  crystals  made  of  F2’:LiF.  The  F2‘  color  centers  in  LiF 
crystal  are  characterized  by  a  broad  absorption  band  centered  around  960  run,  by  a 
rather  high  absorption  cross  section  (cja  =17x10'^®  cm^  at  X  =  1064  run)  and  by  a  low 
saturation  intensity  in  the  range  of  0. 12  -  0. 16  MW/cm^. 

The  crystals  used  for  our  experiments  were  manufactured  by  the  Institute  of  General 
Physics,  Academy  of  Sciences  of  the  USSR,  Moscow.  The  densities  of  F2'  -  anions  were 
chosen  in  order  to  provide  single-pass  unsaturated  transmissions  of  To  =  54  %,  60  %, 
70  %  and  80  %.  The  crystal  lengths  were  25  mm,  60  mm,  40  mm  and  8  mm 
respectively.  Due  to  the  absorption,  a  fraction  of  the  intracavity  power  is  converted  to 
heat  inside  the  F2“:  LiF  crystal.  Controlling  the  temperature  of  the  crystal  is  crucial  in 
order  to  avoid  the  recombination  of  the  color  centers.  Therefore  the  F2':  LiF  crystal  was 
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mounted  in  a  water-cooled  copper  cooling  mount.  Efficient  thermal  contact  was 
provided  by  an  indium  foil  placed  between  the  crystal  side  faces  and  the  copper  mount. 
Fig.l  shows  the  experimental  setup.  Compact  iode  laser  modules  (FISBA  DL  50), 
emitting  a  maximum  cw  power  of  about  55  W  at  a  wavelength  of  808  nm,  were  used  to 
pump  the  laser  rod.  Their  radiation  was  focused  into  the  NdiYAG  rod  by  a  fJl,5  lens. 


Sapphire  plate  cooling 


Plane  100%  mirror 
(HT#808  nm,  HR^1064  run) 


Figure  1,  E)q)erimental  set-up  of  the  longitudinally  diode-pumped  NdrYAG  laser  with  the  F2*:LiF  crystal. 


The  pump  spot  diameter  was  measured  with  the  knife-edge  technique  [14].  It  had  an 
almost  rectangular  shape  of  1200  pm  x  600  pm  and  corresponding  beam  propagation 
factors  of  M\=  450  and  M^y  =  146,  respectively.  During  the  experiments,  the  distance 
between  the  focusing  lens  and  the  pumped  surface  of  the  rod  was  adjusted  in  order  to 
obtain  maximum  average  output  power.  A  9.5  x  20  mm  Nd:YAG  rod  was  used  as  laser 
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crystal.  The  pumped  face  of  the  rod  was  coated  for  high  reflectivity  at  1064  nm  and 
high  transmission  at  808  nm.  The  unpumped  face  was  AR-coated  at  1064  nm.  In  order 
to  provide  efficient  cooling  of  the  pumped  siuface,  a  sapphire  plate  was  pressed 
directly  onto  the  pumped  rod  surface  [15].  Both,  the  cylindrical  surface  of  the  rod  and 
parts  of  the  sapphire  plate  were  in  contact  with  the  cooling  water.  Like  this,  the 
sapphire  plate  provided  efficient  heat  removal  through  the  pumped  surface.  Due  to  the 
high  surface  quality  of  the  rod  and  the  sapphire  plate,  no  water  was  penetrated  the  area 
between  the  two  materials.  The  HR-coated  surface  of  the  rod  and  a  plane  output 
coupler  formed  a  simple  plane/plane  resonator.  Its  length  was  set  to  97  mm.  This 
allowed  to  place  F2':LiF  crystal  lengths  up  to  60  mm  inside  the  resonator.  The 
resonator  was  stable  due  to  the  strong  positive  thermal  lens  in  the  Nd:  YAG  rod,  caused 
by  the  portion  of  the  pump  power  converted  to  heat  [16].  The  lens  was  compensated 
partly  by  the  insertion  of  the  F2‘:LiF  crystal  giving  additional  stability  region  space 
inside  the  cavity  due  to  its  negative  change  of  refraction  index  (dn/dT  =  - 1.2  x  10  ‘  ^). 
The  reflectivity  of  the  output  mirror  of  the  passively  Q-switched  laser  was  optimized 
for  maximum  average  output  power,  depending  on  the  single-pass  unsaturated 
transmissions  To  of  the  F2  :LiF  crystals. 


3.  Experimental  results 

3.A  THERMAL  LENS  MEASUREMENT 

The  thermally-induced  positive  lens  of  the  Nd:YAG  rod  and  the  negative  lens  of 
F2‘:LiF  crystal  influence  the  stability  regions  of  the  laser  resonator  and  hence  its  output 
characteristics.  Therefore  the  thermal  lens  of  the  rod  was  measured  at  the  maximum 
pump  power  of  57  Wwder  non-lasing  conditions.  A  collimated  He-Ne  laser  beam  was 
split  into  a  pair  of  parallel  beams  separated  by  a  distance  a  with  a  mask  with  two 
0.5  mm  holes.  The  mask  was  aligned  in  such  a  way  to  have  the  two  beams  symmetric 
with  respect  to  the  optical  axis.  Then  they  were  propagated  through  ±e  Nd:YAG  rod 
lens  and  a  negative  lens  with  focal  length  of  30  mm.  The  negative  lens  was  placed  at  a 
distance  Liem  =  230  mm  from  the  rod.  Finally  a  screen  was  placed  at  distance 
Lscreen  ”  650  mm  from  the  negative  lens.  On  the  screen  the  two  beams  were  separated 
by  a  distance  d.  For  a  distance  a  =  2  mm,  corresponding  to  about  2  times  the  pump 
diameter,  a  distance  d  =  29  mm  was  measured.  From  this  a  thermal  lens  of  f  =  14  cm 
was  inferred.  As  the  cavity  length  was  shorter  than  the  minimum  value  of  the 
thermally-induced  focal  length,  the  resonator  was  stable  up  to  the  maximum  pump 
power. 

3.B  Q-S WITCH  RESULTS 

During  the  experiments,  the  average  output  powers,  repetition  rates,  energies  per  pulse, 
pulse  durations  and  peak  powers  were  measured  depending  on  the  initial  transmission 
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of  the  Q-switch.  The  characteristics  of  the  Q-switched  diode-pumped  oscillator  are 
reported  in  Fig,2-6. 

3. B.a  Average  output  power 

Fig.  2  shows  the  average  Q-switched  output  power  obtained  with  the  different 
unsaturated  transmissions  of  the  F2‘:LiF  crystals  and  optimized  output  mirror 
transmissions. 


Figure  2.  Average  output  power  and  slope  efiSciencies  of  the  Q-switched  lasers  as  a  function  of  the  pump  power. 


Optical-to-optical  slope  efficiencies  were  deduced  from  a  linear  fit  to  the  data  for  every 
crystal  length.  The  highest  output  power  of  5.8  W  and  the  highest  slope  efficiency 
achieved  was  13  %  with  the  To  =  80  %  crystal.  In  the  cases  of  To  <  80%,  the  slope 
efficiencies  were  decreasing  with  decreasing  To  down  to  the  minimum  value  of  1.7% 
with  the  To  =  54%  crystal.  An  optimum  reflectivity  of  57%  was  found  for  To  =  54% 
and  To  -  60%.  For  To  =  70%  and  To  =  80%  the  optimum  reflectivity  of  the  extraction 
mirror  was  78%  and  70%,  respectively. 

3.B.b  Repetition  rate 

Fig.  3  shows  the  dependence  of  the  repetition  rate  on  the  pump  power  for  different 
F2’:LiF  crystal  initial  transmissions.  It  is  noted  that  a  logarithmic  scale  was  chosen  due 
to  the  wide  range  of  repetition  rates  achieved. 
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Figure  3.  Repetition  rate  of  the  Q-switched  laser  as  a  iiinction  of  the  pump  power. 


A  linear  increase  of  the  pulse  repetition  rate  with  pump  power  was  observed  for 
T  0  <  80  %  ciystals  in  agreement  with  ref  [6],  For  To  =  80  %,  the  repetition  rate 
increased  slightly  for  increasing  pump  powers.  For  pump  powers  beyond  about  42  W 
the  repetition  rate  remained  at  a  constant  value  of  142  kHz.  The  pulse  Q-switch 
frequency  could  be  varied  between  2.5  kHz  and  142  kHz,  with  main  steps  given  by  the 
different  initial  transmission  To.  Opposite  to  the  expectations  the  repetition  rates  with 
To  =  60%  were  smaller  than  Ae  repetition  rates  with  To  =  54%  for  all  pump  powers,  as 
cited  in  [17].  This  is  attributed  partly  to  the  high  frequency  fluctuations  observed  with 
low  initial  transmission  Tq.  Thus,  considering  the  error  bar  of  about  25  %  the 
repetition  rates  were  about  the  same  for  both  To  =  54%  and  To  =  60%  color  center 
crystals. 

3.B.C  Pulse  energy 

Fig.  4  shows  the  dependence  of  the  pulse  energy  of  the  Q-switched  laser  on  pump 
power.  The  energy  was  obtained  by  dividing  the  average  output  power  with  the 
repetition  rate  as  shown  in  Fig.  2  and  Fig.  3. 
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Figure  4.  Energy  of  the  Q-switched  pulses  as  a  function  of  the  pump  power. 


The  behavior  found  in  Fig.4  indicates  that  the  pulse  energy  from  this  laser  system 
could  be  varied  over  a  wide  range  from  22|aJ  up  to  0.38  mJ  by  varying  both  the  initial 
transmission  of  the  Q-switch  and  the  pump  power. 

The  pulse  energy  was  found  to  increase  with  decreasing  initial  transmission.  For 
T  0  =  54%  the  energies  per  pulse  were  slightly  smaller  than  for  To  =  60%.  The  reason 
is  the  same,  as  already  mentioned  in  Fig.  3.  It  is  also  to  point  out  that  with  To  =  54% 
and  48  W  of  pump  power,  the  energy  decreased  compared  to  43  W.  This  was  due  to  the 
relatively  high  repetition  rate  (f  =  5  kHz)  at  which  laser  was  running  at  48  W  pump 
power. 

S.B.dPulse  duration 

Fig.  5  shows  the  dependence  of  the  pulse  duration  (full-width  at  half-maximum, 
FWHM)  on  the  pump  power. 
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Figure  5.  Pulse  duration  as  a  fiinction  of  the  pump  power  in  the  Q-switched  laser. 


The  shortest  pulses  (10  ns)  were  obtained  with  the  To  =  54%  crystal  and  increased 
steadily  with  increasing  initial  transmission  To  of  the  crystals.  With  To  =  80%  the 
pulse  width  was  50  ns. 

3.B.e  Peak  Power 

Fig.6  finally  shows  the  peak  powers  achieved  with  the  passively  Q-switched  laser.  Due 
to  the  wide  range  of  peak  powers,  again,  a  logarithmic  scale  was  chosen. 
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Figure  6.  Peak,  power  vs.  pump  power  in  the  Q-switched  laser. 


The  highest  peak  power  of  22  kW  was  achieved  with  To  =  54%  and  a  pump  power  of 
43  W.  This  results  from  the  small  values  of  both  pulse  width  and  repetition  rate  (see 
Fig.5  and  Fig.3  with  To  =  54%).  The  peak  power,  as  shown  in  Fig.  6,  decreased  with 
increasing  initial  transmission  To  of  the  F2':  LiF  crystals. 

There  is  only  a  small  difference  observed  for  To  =  54%  and  To  =  60%  being  less  than 
the  measurement  uncertainty. 


4.  Conclusion 

We  have  described  the  operation  of  a  cw  diode  laser  end-pumped  Nd:YAG  laser 
passively  Q-switched  by  different  Fa":  LiF  crystals.  With  a  variation  of  the  pump  power 
and  of  the  initial  transmission  of  the  Fa":  LiF  crystals  pulse  energy,  repetition  rate, 
pulse  length  and  peak  power  could  be  varied  over  a  wide  range.  This  allows  to  easily 
adapt  these  passively  Q-switched  lasers  to  the  specific  requirements  of  applications,  i.e. 
laser  ablation  or  laser  welding. 

In  conclusion,  the  maximum  average  power  of  5.8  W  and  the  maximum  repetition  rate 
of  142  kHz  at  a  pulse  duration  of  50  ns  was  achieved  with  a  To  =  80%  crystal  and 
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R  =  70%  output  mirror.  The  maximum  pulse  energy  of  0.38  mJ  at  a  pulse  duration  of 
20  ns  was  obtained  with  To  =  60%  and  the  maximum  peak  power  of  22  kW  at  a  pulse 
duration  of  10  ns  with  To  =  54%.  Maximum  average  power  of  5.8  W  with  13%  slope 
efficiency  is,  as  far  as  the  authors  are  aware,  the  highest  reported  for  longitudinally 
pumped  Nd:YAG  lasers  Q-switched  by  F2':LiF  crystals.  This  is  a  result  of  the 
advantages  of  both  high  pump  power  and  high  slope  efficiencies  typical  of  cw 
longitudinal  pumping. 
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1.  Introduction 

Passive  and  active  planar  waveguides  belong  to  perspective  components  of 
integrated  optics  and  optoelectronics  for  generation  and  processing  of  visible  and  near 
infrared  signals  and  for  the  development  of  new  generation  of  integrated  optics 
technology  in  which  sources,  non-linear  structures,  detectors  and  electronics 
waveguides  will  be  produced  on  a  single  substrate.  Because  of  this  reason  planar  and 
channel  waveguide  lasers  are  of  great  interest  during  the  last  several  years. 

Waveguide  lasers  have  excellent  properties  as  compared  with  conventional  bulk 
lasers,  such  as  low  threshold  operation  due  to  the  high  pumping  efficiency  (particularly 
for  transitions  with  large  population  in  lower  laser  level  [1]),  output  power  and  mode 
pattern  stability,  and  easy  coupling  with  other  waveguide  structure  devices.  The  future 
of  wavegmde  technology  is  placed  in  the  construction  of  widely  tunable  laser  operating 
at  threshold  low  enough  to  allow  the  pumping  by  laser  diodes. 

Planar  and  channel  waveguide  lasers  were  successfully  created  by  ion 
implantation,  liquid  phase  epitaxy  (LPE),  difiusion,  thermal  bonding,  proton  exchange 
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and  recently  also  by  pulsed  laser  deposition  (PLD).  The  layers  exhibiting  at  present 
the  lowest  losses  were  created  by  LPE  method. 

One  of  the  novel  thin  film  technology,  the  PLD,  has  some  advantages  as 
stoichiometric  deposition  of  even  very  complex  materials,  a  high  deposition  rate, 
enhanced  film  crystallinity  due  to  the  presence  of  high  energy  particles  in  incoming 
plasma  plume  (highly  oriented  or  epitaxially  films  are  grown)  and  the  higher  density 
in  thin  films  than  that  of  bulk  material  can  be  achieved.  Basic  experimental  apparatus 
for  laser  thin  film  deposition  consists  of  interaction  chamber,  a  substrate  holder  with 
precise  temperature  control,  and  source  material-target.  Laser  is  usually  located  outside 
of  the  chamber. 

Till  now,  the  lasing  in  the  following  planar  waveguide  lasers,  created  by 
various  techniques,  was  reached  : 

Er:Ti:LiNb03  12.3],  Nd:YAG  [4,5,6,7,8,9,10,11,12,13],  Yb:YAG  [14,15,9], 
LiNdP40i2  [16],  Tm:YAG  [17],  Ti:sapphire  [18],  NdiMgOiLiNbOs  [19,20,21], 
Nd:YAP  [22],  Nd:GGG  |23],  Tm:germanate  glass  [24],  NdiLiTaOs  [25], 
Yb:Tl:LiNb03  [1],  Yb:Er:YAG  [26],  TmY2Si05  [27]. 

Recently  the  laser  generation  was  obtained  also  in  films  created  by  method  of 
PLD,  as  Nd:GGG  grown  on  YAG  substrate  [28],  and  Ti:sapphire  grovm  on  sapphire 
[29]. 


2.  Laser  generation  in  planar  waveguide  lasers 

The  requiremenl  of  optical  pumping  of  PW  laser  presents  a  drawback  of  PW 
lasers  in  comparison  with  diode  lasers.  As  concern  of  bulk  crystal  pumping,  a 
numerous  pumping  arrangements  including  longitudinal,  transversal,  or  a  hybrid  set¬ 
up  [6,30]  have  been  published.  A  pumping  arrangements  of  waveguide  lasers  include, 
in  principle,  two  possible  arrangements,  i.e.  the  longitudinal  (end)  and  the  transversal 
(side)  one.  Both  of  them  have  some  advantages  and  disadvantages.  Till  the  time,  a 
longitudinal  pumping  arrangements  has  been  mainly  used. 

The  longitudinal  pumping  arrangements  is  based  on  the  coupling  of  pump  beam 
into  the  waveguide  in  the  direction  of  lasing  beam.  To  reach  a  high  efficient  coupling 
of  pump  beam,  the  opposite  end-faces  of  the  waveguide  has  to  be  parallel  and  polished 
to  high  optical  quality  [16].  In  the  case  of  side  pumping  (pumping  is  perpendicular  to 
lasing  direction),  three  or  four  faces  has  to  be  polished  for  single  or  double  side 
pumping,  respectively.  Hence  the  occasion  to  polish  only  two  faces  presents 
technological  advantage  of  longitudinal  pumping  arrangements.  Nevertheless  the 
fundamental  advantage  of  side  pumping  over  the  longitudinal  pumping  consists  in 
creation  of  unifonn  inversion  over  the  whole  length  of  waveguide,  the  longer  length  of 
guide  can  be  pumped,  what  results  in  higher  slope  efficiency  and  output  power.  In  the 
case  of  longitudinal  pumping,  tlie  length  of  the  waveguide  has  to  be  shorter,  as 
compared  to  that  of  side  pumping,  to  be  exploited  in  whole  range.  Thus  the  output 
power  is  limited  to  rather  low  average  powers  due  to  the  shorter  active  medium.  The 
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quality  and  arrangement  of  used  mirrors  significantly  influence  the  laser  efficiency. 
Typically  the  light  weight  plane  mirrors  are  pressed  against  the  waveguide  ends.  To 
avoid  the  damage  of  crystal  end  faces,  the  mirrors  are  sometimes  separated  from  the 
waveguide  end  faces  by  thin  liquid  layer  [7],  or  a  large  mirrors  placed  close  to 
waveguide  ends  are  used.  The  laser  efficiency  can  also  be  increased  by  the  coating  of 
mirrors  directly  on  the  waveguide  end  faces.  As  the-  laser  threshold  depends  on  the 
product  of  the  vertical  and  horizontal  spot  sizes  [23],  the  channel  structures  are  much 
advantageous  for  low  threshold  power  operation.  The  optimum  channel  width  depends 
on  the  waveguide  height,  channel  structure  and  boundaries  quality,  refractive  index  of 
waveguide  and  surroundings,  and  laser  wavelength  and  mode  structure.  Roughness  at 
waveguide  boundaries  can  lead  to  the  scattering  losses.  In  narrow  waveguide,  an 
enhancement  of  losses  due  to  a  given  fabrication-induced  edge  roughness  (e.g.  500  A) 
occurs  as  a  waveguide  dimensions  are  reduced  [31].  The  smooth  side  walls  are 
therefore  very  important.  The  optimum  channel  width  can  be  calculated  by  various 
methods  [38].  In  the  case  of  Nd:GGG  [23]  and  Nd:YAG  [7]  the  experimentally  found 
optimum  channel  width  for  given  layer  parameters  was  in  the  range  of  16-^10  pm  and 
20  pm,  respectively.  Tliis  results  confirm  the  observation  of  lower  waveguide  losses  for 
the  larger  channel  widtii  as  compared  to  theoretical  calculations,  and  therefore  better 
laser  performance  |23|.  The  channel  waveguide  laser  Nd:YAG  showed  a  threshold 
reduction  of  20  times  compared  to  a  PW  laser. 

Active-waveguides  physical  parameter  measurements,  and  the  rate  equation 
analysis  of  tlie  waveguide  lasers,  this  is  a  journey  how  to  receive  an  informations  for 
understanding  and  describing  the  properties  of  the  fabricated  waveguides.  In  our  case 

3+  3+ 

an  energy  level  model  of  Nd  (or  Ti  )  ions,  and  rate  equation  model  are  used  for 
Nd:YAG(YAP)  or  Ti:sapphire  waveguide  laser  design  and  development. 

The  slope  efficiency  and  the  threshold  pumping  power  (and  their  dependence  on 
the  physical  parameters  as  a  stimulated  emission  cross-section,  waveguide  losses, 
excited  level  lifetime,  and  as  well  waveguide,  pumping  and  resonator  geometry)  are 
basic  characteristics  such  of  lasers.  For  the  Gaussian  spatial  distribution  of  the  pump 
beam  and  fundamental  transverse-mode  oscillations  the  threshold  pump  power  and 
slope  efficiency  can  be  described  as  follows  [32,33]: 
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where 
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Lc  is  the  round-trip  loss  exponential  factor,  Vp ,  vl  are  the  pumping  and  laser 
light  frequency.  Xf  is  the  excited  level  lifetime,  is  the  stimulated  emission  cross- 
section,  L  is  the  waveguide  length,  R\  is  the  output  mirror  reflectivity,  ocp  is  the 
absorption  coefficient  of  the  pump  radiation,  r|q  is  the  pump  quantum  efficiency.  Wpx, 
Wpy  and  Wlx,  Wlv  are  spot  sizes  for  the  pump  and  laser  in  the  transverse  direction 
x,y.The  waveguide  physical  parameters  as  the  Nd^^’iTi^^  concentration  profile, 
absorption  and  emission  cross  section,  excited  level  lifetime,  waveguide  losses,  and 
pumping  and  signal  mode  distribution  as  well  as  waveguide  pumping  configuration 
and  resonator  geometry  are  necessary  to  know  for  the  correct  quantitative  analysis  of 
the  waveguide  amplifiers  and  laser  generators  under  various  experimental  conditions, 
and  for  waveguide  laser  design  and  development. 


S 1  ope 
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Figure  1.  The  evolution  of  the  slope  efficiency  of  longitudinally  pumped  Nd:YAG 
waveguide  laser  under  \arious  reflectances  Rn  of  the  output  mirror  and  various 
waveguide  lengths  1  (the  reflectance  of  the  input  endface  Ri~100%  at  L064|j.m  and 
summary  internal  waveguide  laser  losses  0.4  cm'^  where  fixed) 

To  reach  the  active  volume  waveguide  physical  parameters  like  bulk  ones  is 
the  present  aim  for  planar  active-waveguides  (Nd:YAG,  YAP,  Ti:  sapphire)  fabricated 
by  laser  deposition  technolog}'  and  the  main  requirement  for  waveguide  applications  in 
optoelectronics.  Beside  the  active-waveguide  volume  physical  parameters 
measurement,  an  experimental  study  and  theoretical  analysis  of  waveguide  amplifiers 
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and  lasers  leads  to  the  physical  properties  of  the  fabricated  planar  active-waveguides 
characterization  as  well,  and  so  to  design  the  laser  deposition  conditions  of  active 
waveguides  in  accordance  with  the  our  demands. 

The  waveguide  length  and  resonator  configuration  is  possible  to  optimized  and 
to  reach  efficient  single  mode  generation  by  the  waveguide  lasers  rate  equation 
analysis.  On  Figurel  is  shown  an  evolution  of  the  slope  efficiency  of  longitudinally 
pumped  Nd:YAG  waveguide  laser  under  various  reflectances  R2  of  the  output  mirror 
and  various  waveguide  lengths  1.  The  reflectance  of  the  input  end-face  Ri  (100%  at 
1.064pm)  and  whole  internal  waveguide  laser  losses  (40  m’’)  where  fixed.  The  ratio  of 
the  pumping  and  signal  mode  was  equal  one  and  the  Nd:YAG  bulk  physical 
parameters  has  been  used  at  the  calculations.  For  given  active  waveguide  physical 
parameters  the  laser  length  1  and  the  output  refleetivity  mirror  R2  an  optimum  values 
for  given  pump  and  fundamental  mode  spot  sizes  Figurel. 


3.  Results  of  PLD  Ti:  sapphire,  Nd:YAG  and  Nd:YAP 

We  have  created  the  active  waveguide  films  of  Ti:sapphire,  Nd:YAG  and 
Nd:YAP  by  laser  ablation  using  KrF  excimer  laser  working  at  wavelength  of  248  nm.. 
Sapphire  of  (0001)  and  (1102)  orientations,  fused  silica  and  quartz  of  (0001) 
orientation  were  used  for  deposition  of  Tiisapphire  films.  The  Ti;sapphire  films  were 
created  from  crystalline  Tiisapphire  targets  (0.1  wt%  of  Ti203,  0.12  wt%  of  Ti203  and 
0.49  wt%  of  TijOs).  The  crystalline  films  of  Ti:sapphire/sapphire  of  thickness  around 
10  mm  exhibited  waveguide  losses  were  in  the  range  fi'om  1  to  4  dB/cm  [34].  The 
films  of  Ti:sapphire/quartz  (thickness  200  nm^lOOO  nm)  were  also  waveguiding. 
Lasing  around  800  nm  was  observed  in  Ti:sapphire  films  grown  on  sapphire  substrate. 
The  waveguide  layer  was  pumped  by  an  argon  ion  laser,  running  on  all  blue  green 
lines,  with  an  absorbed  power  threshold  of  0.56  W  using  high  reflectivity  (R  .>  98%) 
mirrors.  Using  a  5%  pump  duty  cycle  and  a  T  =  35%  output  coupler,  a  slope  efficiency 
of  26%  with  respect  to  absorbed  power  is  obtained,  giving  quasi-cw  output  powers  in 
excess  of  350  mW  [29]. 

The  films  of  Nd:YAG  and  Nd:YAP  were  ablated  from  monociystalline 
Nd;YAG  and  Nd:YAP  targets  doped  with  0.59  wt%  of  Nd  and  0.64  wt%  of  Nd, 
respectively.  The  films  were  grown  on  YAP  of  (001)  orientation  and  sapphire 
substrate  of  (0001)  and  (1102)  orientations.  The  films  were  waveguiding  and  they 
supported  from  6  to  30  modes  dependently  on  the  film  thickness.  Propagation  losses  as 
low  as  0.5-K).8  dB/cm  were  measured  on  632.8  nm  wavelength  by  dark  mode  prism 
coupling  method.  We  believe  that  lasing  will  be  obtained  in  near  future. 
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4.  Conclusion 

This  work  demonstrates  that  PLD  is  becoming  directly  competitive  with  the 
other  more  established  methods  of  making  waveguide  lasers.  The  laser  quality  films  of 
Tiisapphire  was  produced,  and  high  quality  Nd:YAG  (YAP)  layers  were  created.  We 
belive  that  PLD  method  will  be  widely  used  for  study  OF  wide  scale  of  materials 
suitable  for  development  of  planar  waveguide  lasers. 
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PROBLEMS  OF  CW  CHEMICAL  LASERS  SCALING 
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1.  Introduction 

NPO  Energomash  is  a  Russian  leader  in  the  field  of  the  self-contained 
combustion-driven  supersonic  mixing  HF  cw  chemical  lasers  development.  Since 
1972  a  large  number  of  numerical,  design,  technological  and  experimental  research 
works  have  been  carried  out  and  as  a  result  of  these  works  HF  cw  chemical  lasers 
with  a  flat  nozzle  array  of  different  sizes  providing  lasing  power  from  several  kW 
to  400  kW  were  built.  The  purpose  of  the  given  paper  is  to  analyze  the  principal 
physical  and  design  problems  that  arise  at  scaling  active  media  such  lasers  (both  in 
height  and  in  length). 

One  of  the  problems  is  caused  by  the  mechanism  of  active  medium  production 
in  the  course  of  an  exothermic  chemical  reaction  proceeding  at  mixing  of 
supersonic  flows,  one  of  which  contains  atomic  fluorine  (oxidizer  flow)  and  other 
contains  molecular  hydrogen  (fuel  flow)  (Fig.  la).  The  fluorine  atoms  are 
generated  in  a  combustion  chamber  due  to  thermal  dissociation  of  excess  Fi  or  NFs 
at  the  expense  of  heating  caused  by  burning  of  these  compounds  with  molecular 
deuterium.  Then  the  atomic  fluorine  flows  through  the  supersonic  nozzle  thus 
being  cooled  up  to  a  temperature  not  higher  300°  K  and  accelerated  to  supersonic 
velocity.  At  the  exit  plane  of  the  nozzle  array  this  flow  mixes  with  a  molecular 
hydrogen  flow.  As  a  result  of  cross  diffusion  and  the  following  chemical  pumping 
reaction  F+H2-^HF(v)+H  vibration-excited  molecules  HF(v)  appear  that  form 
active  medium  in  such  lasers. 

Unfortunately  it  was  revealed  that  under  HF  molecules  collisions  the  high-rate 
V-T  relaxation  of  HF(v)  molecules  takes  place.  Its  negative  influence  can  be 
reduced  only  by  means  of  mixing  process  acceleration  of  the  initial  supersonic 
flows.  There  are  two  ways  to  do  it:  to  apply  nozzle  arrays  with  a  veiy  small  step 
and  to  decrease  mixing  flows  pressures  to  a  few  torr.  The  slit  supersonic  nozzles  are 
in  common  use  for  the  oxidizer  flow.  The  fuel  supply  can  be  performed  through  slit 
supersonic  nozzles  as  well,  but  the  systems  of  small  discrete  jets  are  of  frequent  use 
to  intensify  the  mixing  process  and  to  provide  the  higher  strength  of  nozzle  array. 

Furthermore,  the  supersonic  oxidizer  nozzle  length  must  be  very  small  to  avoid 
the  detrimental  process  of  atomic  fluorine  recombination  and  its  transformation 
into  molecular  fluorine.  But  in  this  case  there  arises  a  problem  of  stiffness  and 
strength  of  the  fine  nozzle  array  that  must  withstand  pressure  difference  from  one 
atmosphere  or  above  in  the  combustion  chamber  to  a  few  torr  in  active  medium.  It 
restricts  unlimited  increasing  the  flat  nozzle  array  height.  Nonuniformity  along  the 
nozzle  array  height  of  the  H2  outflow  through  the  holes  in  walls  of  special  channels 
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(see  Fig.l  a,b)  with  the  diameter  restricted  by  the  nozzle  vane  thickness  is  also  a 
factor  limiting  such  increasing.  So  the  increase  of  dimensions  of  the  flat  nozzle 
array  in  height  is  a  design  problem. 


c) 


Fi^re  1.  Configurations  of  the  nozzle  arrays  of  intermediate  size  cw  chemical  lasers:  (a)  slit 
oxidiser  nozzles  and  pyramidal  structure  of  fuel  nozzles;  (b)  slit  oxidizer  and  fuel  nozzles;  (c) 
axial  symmetric  conical  nozzles  for  oxidizer  and  fuel. 
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It  seems  at  first  glance  that  the  active  medium  can  be  lengthened  as  long  as  you 
want  because  there  are  no  principal  design  difficulties  in  the  last  resort  summing 
the  length  of  the  subsequent  mbdules  along  the  common  optical  axis.  But  a  number 
of  physical  factors  restricts  the  lengthening  of  active  medium  due  to  the  increase  of 
optical  inhomogeneities  and  the  restriction  of  the  output  lasing  power  increase 
because  of  dissipative  losses  and  possibility  of  superluminescence  excitation.  Let  us 
consider  these  factors  influence  and  the  possibility  of  their  decrease. 

2.  Influence  of  the  optical  inhomogeneities 

Minimal  value  of  laser  beam  divergence  is  determined  by  phase  distortion  of 
the  radiation  wavefront  arising  in  active  medium.  In  case  of  HF  cw  chemical  laser 
two  main  types  of  optical  inhomogeneities  can  be  distinguished:  small-scale  one 
caused,  for  example,  by  the  necessity  of  spaced  discrete  supply  of  fuel  flows  for  the 
better  mixing  and  thus  having  as  a  rule  periodic  structure  and  large-scale  one 
(comparable  with  the  laser  zone  width)  caused  by  limited  velocity  of  reagents 
mixing,  change  of  chemical  composition,  temperatures  and  active  medium  density, 
and  due  to  the  possibility  of  its  transversal  expansion  via  the  flows  movement 
direction.  It  should  be  noted  that  the  compensation  of  wavefront  phase  distortion 
of  the  laser  beam  passing  through  active  medium  with  the  large-scale  optical 
inhomogeneities  does  not  meet  any  principal  difficulties  because  it  can  be  achieved 
with  adaptive  optics.  Another  situation  occurs  in  case  of  small-scale  periodic 
inhomogeneities  which  influence  can  not  be  avoided  with  adaptive  optics  due  to 
small  sizes  of  these  inhomogeneities.  That's  why  a  special  attention  in  our  research 
was  paid  to  measurement  and  searches  for  ways  to  decrease  the  level  of  such 
inhomogeneities  in  active  medium  of  HF  cw  chemical  lasers  of  two  types:  with  an 
output  power  of  20-30  kW  (these  lasers  were  of  intermediate  size  with  the  mass 
flow  rate  of  100-200  g/s  and  the  nozzle  array  area  of  10.8  cm  x  40  cm)  and  with  an 
output  power  of  300-400  kW(  large  size  lasers  with  the  mass  flow  rate  of  1.5- 1.8 
kg/s  and  the  nozzle  array  area  of  40  cm  xl50  cm).  Specific  power  of  these  lasers  was 
not  less  than  200  J/g. 

Lateral  shear  interferometer  was  applied  for  the  experimental  measurement  as 
the  most  suitable  for  operation  under  conditions  of  laser  facility  vibration.  Ne-He 
laser  radiation  was  used  as  probe  beam.  The  phase  distortion  value  was  then 
recalculated  for  the  operating  wavelength  about  3  p. 

We  have  analyzed  the  influence  of  the  laser  gasdynamic  operational  parameters 
and  its  nozzle  array  design  features  on  the  level  of  phase  distortion.  Some  schemes 
of  the  investigated  different  nozzle  arrays  of  intermediate  size  laser  are  shown  in 
Fig.  1.  Fig.  la  shows  a  mixing  scheme  with  discrete  hydrogen  injection  through  a 
pyramidal  nozzles.  In  this  case  each  separate  row  of  supersonic  fuel  nozzles  was 
placed  along  the  slit  oxidizer  nozzles  and  consisted  of  a  set  of  adjoining  small 
nozzles  with  a  2.6  mm  step  in  form  of  quadrangular  truncated  pyramids.  Such 
structure  provided  a  fairly  high  amplitude  of  the  wavefront  phase  distortions  per 
Im  of  active  medium  length  equal  to  0.2  X  m‘>.  Approximately  the  same  high  level 
of  phase  distortions  (~0.R  m-‘)  took  place  for  cw  chemical  lasers  with  the  nozzle 
array  shown  in  Fig.lc  where  axial  symmetric  conical  nozzles  spaced  in  a 
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chessboard  manner  and  intended  for  intensification  of  the  mixing  of  oxidizer  and 
fuel  flows  were  used. 

In  order  to  decrease  the  amplitude  of  phase  distortions  the  system  of  pyramidal 
noiKles  for  the  fuel  supply  was  r^laced  with  a  structure  similar  to  the  slit  nozzle 
which  principle  of  construction  is  shown  in  Fig.  lb,  where  fuel  jet  holes  had  a 
smaller  step  of  0.7  mm  and  were  buried  in  the  nozzle  array  body  in  such  a  way  that 
their  supersonic  part  downstream  of  the  throat  had  the  form  of  continuous  profiled 
widening  slit.  In  this  case  the  well  mixed  fuel  jets  comes  to  the  nozzle  array  exit 
plane  in  spite  of  the  holes  periodic  system  availability.  This  has  provided 
considerable  decrease  of  small-scale  phase  distortions  amplitude  of  the  wavefront 

to  the  value  not  more  than  0.02A.  m'^  that  corresponded  to  the  measurement 
accuracy. 

The  method  of  self-compensation  of  small-scale  periodic  inhomogeneities 
predicted  in  [1]  was  tested  on  the  intermediate  size  cw  chemical  laser.  The  essence  of 
this  phenomenon  lies  in  the  periodic  structure  inclination  to  the  optical  axis  by  an 
angle  where  the  self- compensation  takes  place  in  geometrical  optics  approximation. 
This  angle  a  can  be  found  from  the  relation  sin  a  =  j  (d/L),  where  d  -  period  of 
small-scale  periodic  inhomogeneities,  L  -  length  of  active  medium  and  j  -  the 
integer.  Really  for  cw  chemical  laser  with  a  nozzle  array  shown  in  Fig.  la  the  phase 
distortions  wavefront  amplitude  was  decreased  by  about  3  times  under  the 
inclination  angle  increase  from  a=0  to  a=2d/L. 

3.  Demonstration  of  possibility  of  cw  chemical  laser  scaling  { large  size  laser ) 

When  we  were  further  scaling  cw  chemical  laser  it  was  natural  to  put  in  its 
construction  the  best  principles  of  the  nozzle  array  configuration  for  intermediate 
size  cw  chemical  laser.  But  it  appeared  to  be  complicated  to  increase  simply 
proportionally  the  dimensions  of  the  nozzle  array  as  in  that  case  stiffness  and 
strength  of  its  construction  was  sharply  decreased  and  the  density  distribution 
uniformity  of  the  fuel  outflow  along  the  nozzle  array  height  as  well.  As  a  result  in 
the  design  of  one  of  the  constructions  of  a  flat  nozzle  array  it  was  decided  to  divide 
the  nozzle  array  into  sections  with  40  cm  height  that  was  essentially  larger  than  a 
width  of  the  each  section  (Fig.  2a).  Such  a  division  allowed  to  approach 
characteristic  dimensions  of  each  section  to  dimensions  of  the  nozzle  array  of  the 
intermediate  size  cw  chemical  laser  but  as  if  it  was  turned  by  90°  in  the  YZ  plane. 
In  this  case  the  construction  stiffness  and  strength  were  ensured  by  rigid  ribs 
spaced  between  sections  with  the  special  collecting  channels  in  them  for  fuel  to 
provide  uniform  H2  outflow  at  the  nozzle  array  exit  plane.  The  required  length  of 
such  a  large  size  cw  chemical  laser  was  assembled  from  the  needed  number  of 
sections  and  in  our  case  was  equal  to  about  1 .5m. 

The  design  principle  of  the  oxidizer  and  fuel  supersonic  nozzles  was  similar  to 
shown  in  Fig.  lb.  To  use  the  self-compensation  effect  the  nozzle  vanes  were 
inclined  in  sections  by  a  small  angle  of  oc«5°  to  the  optical  axis  so  that  the 
inclination  angles  in  an  adjacent  sections  were  opposite  (see  Fig.  2a).  The  resulted 
measured  maximum  phase  distortion  amplitude  of  the  wavefront  corresponded  to 
the  space  scale  6  mm  due  to  the  periodic  structures  of  the  flows  of  fuel  and  oxidizer 
in  vertical  direction  and  its  value  didn’t  exceed  Acp «  0.027A,  m->.  Such  a  value  of  A(p 
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provides  the  objective  possibility  to  obtain  the  divergence  of  laser  beam  close  to  the 
diffraction  limit  for  active  media  with  a  length  not  less  than  6  m  under  the 
amplification  regime  of  cw  chemical  laser. 
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4.  Influence  of  the  dissipative  losses 

As  it  was  noted  earlier  with  active  medium  length  growth  besides  the  optical 
inhomogeneities  increase  it  is  possible  due  to  dissipative  losses  to  stop  the  output 
power  increase.  The  maximum  length  of  active  medium  Lmax  caused  by  this  reason 
can  be  estimated  if  we  know  the  coefficient  of  dissipative  losses  y: 

Lmax^y^-  (0 

The  value  of  y  was  found  using  the  experimental  dependence  of  the  laser 
output  power  with  the  nozzle  array  as  shown  in  Fig.  la  on  the  reflection  coefficient 
of  the  outcoupling  mirror  of  the  resonator.  Two  different  approaches  were  used  to 
treat  the  obtained  curves.  These  approaches  are  distinguished  by  different 
localization  of  the  dissipative  losses:  they  can  be  concentrated  in  the  resonator 
mirrors  [  2  ]  or  distributed  along  active  medium  [  3  ]. 

In  the  first  case  the  expression  for  a  laser  output  power  P  is  written  in  a  form 


P  =  Ps 


t 

t  +  a 


goL+^lnr 


(2) 


where  r,  t,  a  are  reflection,  transmittance  and  dissipative  losses  in  the  outcoupling 
mirror,  respectively,  Ps  is  saturation  power,  go  is  gain  coefficient  of  small  signal.  In 
this  case  we  can  do  formal  transition  to  y  by  formula:  a  =  2yL.  The  processing  of 
experimental  results  by  means  of  this  formula  was  done  by  application  P  at 
different  values  of  r  (not  less  than  3  values). 

For  the  second  case  we  have 


P  =  P3lnVl/r 


goL 


lyL  +  lnvl/r 


(3) 


The  processing  of  the  experimental  results  by  means  of  this  formula  was  done 
not  for  any  three  points  of  the  experimental  dependency  as  it  was  done  in  the  first 
case  but  for  the  characteristic  points  of  maximum  power  and  generation  threshold 
in  the  dependence  of  the  laser  output  power  on  the  output  coupling  coefficient  p: 


p  =  (l/L)lnVl77. 


(4) 


In  this  case  all  points  of  the  experimental  dependence  are  used.  Using  (4),  we 
can  find  from  (3)  the  following  expressions  for  the  output  coupling  coefficients 
corresponding  to  the  maximum  power  (p  max)  and  generation  threshold  (p  th): 
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Pmax  Y  ? 

Pth  =  go“Y- 


Solving  the  system  of  equations  (5),  we  obtain 


_  _  (Pth  Pmax) 

go  - - :: - 

Pth  ^Pmax 

2 

y  _  Pmax 

Pth  ”  ^Pmax 


(5) 


(6) 


The  calculated  from  (2)  and  (6)  values  of  y  were  in  reasonably  good  agreement 
and  appeared  to  be  equal  to  (1-^2)  •  10^  cmrK  But  the  error  of  the  calculations  was 
very  high  that  led  to  the  upper  limit  y  »  8- 10^ cm-*.  Thus  from  (1)  we  obtain  Lraax> 
12  m.  It  is  evident  that  this  factor  does  not  restrict  the  active  medium  length  growth 
essentially. 

5.  Influence  of  the  amplifled  spontaneous  emission 

At  last  one  more  principal  physical  factor  that  can  limit  the  active  medium 
length  of  cw  chemical  laser  is  the  possibility  of  appearance  of  amplified 
spontaneous  emission  or  superluminescence.  We  performed  special  experiments  to 
determine  superluminescence  power  of  large  size  cw  chemical  laser  with  one  total 
reflection  mirror  in  the  resonator  when  the  outcoupling  mirror  was  taken  off  that 
was  equivalent  to  the  active  medium  length  doubling  (up  to  3m).  The  average 
superluminescence  intensity  on  the  output  aperture  of  active  medium  was  fairly 
high  in  this  case  ~50  W/  cm^.  Since  there  are  several  lines  available  in  the  spectrum 
of  superluminescence  (for  example,  about  10)  the  intensity  of  one  line  will  be 
enough  to  reach  the  saturation  level  (~100W  /cm^  for  one  line)  at  a  small  growth 
of  the  active  medium  length.  It  happens  rather  fast  as  the  coefficient  of  small  signal 
gain  found  from  (2)  and  (6)  and  averaged  by  output  aperture  and  spectral 
composition  was  equal  to  about  S  IO-^  cm-*.  This  means  that  maximum  in  its 
distribution  along  the  flow  can  reach  about  10-*  cm-*  that  corresponds  the  emission 
intensity  growth  equal  to  20  at  the  length  only  30  cm. 

The  given  considerations  was  verified  by  calculation  of  the  radiation 
amplification  with  the  input  intensity  at  one  line  10  W/cm^  at  two  passages  along 
active  medium  of  cw  chemical  large  size  laser.  The  intensity  of  such  amplified 
radiation  must  reach  ~2  kW/cm^  that  corresponds  to  the  high  saturation  of  active 
medium.  Hence,  the  superluminescence  intensity  in  active  media  with  6  m  length 
(for  example)  will  reach  the  saturation  level  if  there  will  not  be  taken  measures  for 
its  suppression. 
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One  of  the  ways  of  its  decreasing  consists  in  the  active  medium  saturation  of  a 
long  amplifier  by  radiation  from  the  master  oscillator.  To  decrease  the 
requirements  to  the  output  power  of  the  master  oscillator  (in  order  to  obtain  the 
high  total  gain  in  the  amplifier)  and  to  ensure  the  conditions  for  saturation  in 
active  medium  it  seems  expedient  to  carry  out  a  double  passage  of  the  laser  beam 
from  the  master  oscillator  through  active  medium  of  the  amplifier  forward  and 
backward.  Then  the  total  intensity  of  forward  and  backward  waves  in  any  point  of 
active  medium  will  be  higher  than  the  saturation  threshold. 

6.  Conclusions 

Thus,  in  this  paper  the  influence  of  the  main  reasons  on  possibilities  of  cw 
chemical  laser  scaling  are  discussed.  We  have  shown  from  the  experimental  results 
that  a  level  of  small-scale  optical  inhomogeneities  of  such  lasers  active  medium 
with  specific  configuration  of  the  nozzle  array  and  .  optimum  operational 
parameters  could  ensure  divergence  of  the  output  radiation  close  to  diffraction 
limit  even  in  the  case  of  the  active  medium  length  increase  up  to  6m.  Influence  of 
the  estimated  dissipative  losses  on  the  restriction  of  the  output  power  growth  gives 
the  limit  length  of  active  medium  not  less  than  12m.  It  was  realized  the  design 
finding,  making  it  possible  to  increase  the  nozzle  array  height  up  to  0.4  m.  As  a 
result  the  large  size  cw  chemical  laser  with  the  length  of  nozzle  array  of  1 .5  m  and 
its  height  of  0.4  m  was  built.  The  experimental  investigations  of  problem  of  the 
amplified  spontaneous  emission  and  consequently  of  superluminescence  excitation 
have  shown  the  real  danger  of  this  phenomenon  in  the  large  size  cw  chemical  laser, 
though  the  ways  are  proposed  to  escape  this  danger. 
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Abstract 

The  reactive  ion  etching  (RJE)  and  the  laser  ablation  of  Ti:  sapphire  thin 
waveguiding  films  have  been  investigated  as  a  potential  tool  for  preparation  of  the 
channel  v^^aveguide  lasers. 


1.  Introduction 

After  the  creation  of  the  Ti: sapphire  waveguiding  layers  by  pulsed  laser 
deposition  (PLD)  [1]  the  development  of  microchannel  waveguides  is  next  logical  step. 
Confinement  of  both  the  pump  and  laser  beam  in  a  channel  waveguide  geometry 
would,  assmning  low  propagation  losses,  significantly  reduce  the  required  pump  power 
threshold  in  thin  film  waveguiding  lasers  [2].  The  channel  waveguide  laser  can  be  also 
more  easily  coupled  to  fiber  components  than  the  other  laser  sources  [3],  Many 
techniques  can  be  used  for  preparation  of  channel  waveguides  such  as  Ti  indififusion 
[4,5,6],  ion  implantation  [7,8],  proton  exchange  [9]  and  Ar^  etching  [10]  etc.  The  one 
of  the  suitable  way  to  fabricate  the  channel  waveguide  from  waveguiding  layer  is  to 
confine  the  layer  to  stripes  having  width  of  order  of  several  magnitude  of  wavelength. 
The  roughness  at  waveguide  boundaries,  especially  at  channel  surrounding  walls,  lead 
to  the  scattering  losses  and  therefore  their  cannot  exceed  the  value  of  ^10.  It  is 
essential  for  obtaining  of  low  waveguiding  losses  in  channel  [11].  In  a  narrow 
waveguide,  an  enhancement  of  losses  due  to  a  fabrication-induced  edge  roughness 
occurs  as  a  waveguide  dimensions  are  reduced  [12].  The  smooth  side  walls  are 
therefore  very  important.  The  optimum  channel  width  can  be  calculated  by  various 
methods  [12].  In  the  case  of  Nd:GGG  [13]  and  Nd:YAG  [14]  the  experimentally  found 
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optimum  channel  width  for  given  layer  parameters  was  in  the  range  of  10  ^16  pm  and 
20  pm,  respectively. 

In  this  paper  we  describe  the  study  of  the  preparation  of  rib  guide  with  width  of 
about  20  pm  in  Tiisapphire  thin  films  by  RIE  and  KrF  laser  patterning. 


2.  Experimental 

The  RIE  experiments  were  performed  in  a  Chemical  Vapour  Deposition  and 
RIE  system  of  VacuTec  VPS  1500/2000  with  BClsiHe  gas  mixture.  The  dependence  of 
the  etch  rate  on  the  RIE  parameters,  such  as  rf  power,  reactor  pressure  and  BCI3  and 
helium  flow  rate,  have  been  examined.  The  etch  rate  was  determined  for  sapphire, 
platinum  and  Si02,  at  different  condition.  The  stripes  of  thickness  of  order  of  about 
400  nm  were  created  by  using  the  platinum  and  Si02  masks.  The  substrate  temperature 
was  held  in  the  room  temperature  in  experiment  [14]. 

The  laser  lithography  have  been  made  by  KrF  excimer  laser  (ELI-94)  operating 
at  the  248  nm  wavelength  with  pulse  duration  25  ns.  A  lens  with  focusing  length  of 
5  cm  was  then  used  to  fonn  an  image  of  this  aperture  at  the  target  plane. 

The  etch  rate  was  measured  using  by  alpha  step  (Tencor  Alpha  Step  500). 


3.  Results 


The  following  optimal  etching  condition  were  determined  for  sapphire 
patterning  by  using  platinum  and  Si02  masks:  reactor  pressure  300  mTorr,  flow  rates 
of  BCI3  and  He  15  and  80  seem  respectively,  rf  power  density  0.45  W/cm^.  At  this 
condition  the  achieved  etch  rate  of  sapphire  was  11.9  mn/min.  and  the  selectivity 
between  the  sapphire  and  platinum  was  3.87  and  between  the  sapphire  and  Si02  was 
0.55. 

At  this  condition  the  stripes  of  thickness  of  420  nm  and  width  of  20  pm  were 
fabricated  by  using  the  platinum  and  Si02  masks.  The  etch  profile  of  the  stripe,  which 
was  carried  out  by  using  Si02  mask  is  in  Figure  1. 
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Figure  1  .  The  etch  profile  of  the  stripe  fabricated  by  RIE.  The  rf  power,  reactor  pressure,  time 
of  etching,  BCI3  and  He  flow  rate  were  300  W,  300  mTorr,  35  minute,  15  seem  and  80  seem, 
respectively.  As  a  mask  the  Si02  of  thickness  890  mn  was  used. 

KrF  ablation  of  Ti:sapphire  material  containing  0.12  wt  %  concentration  of 
Ti203  was  investigate  to  ascertain  the  ablation  threshold,  etch  rate  and  quality  of 
irradiated  surface.  From  the  dependence  of  the  ablation  depth  on  laser  fluence  were 
determined  the  ablation  threshold  1.36  J/cm^  with  corresponding  absorption  coefficient 
a  =1.8x10^  cm'*  by  using  Beers  law  [14].  Figures  2  and  3  show  the  etch  profile  and 
photo  of  the  pit  produced  in  Ti: sapphire  by  irradiation  248  nm  with  a  fluence  3.57 
J/cm^  and  150  pulses,  respectively. 
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Figure  2.  The  etch  profile  of  the  etch  pit  produced  in  Ti: sapphire  by  KrF  laser  ablation  with  a 
fluence  of  3.57  J/cm^. 


Figure  S.  The  photo  of  the  etch  pit  produced  in  Ti: sapphire  by  Krf  laser  ablation  with  a  fluence 
of  3.57  J/cm". 


4.  Conclusion 

The  RIE  etching  of  Ti:sapphire  films  in  BClsiHe  atmosphere  was  studied.  The 
optimal  etching  condition  for  sapphire  patterning  by  using  of  platinum  and  Si02  masks 
was  found.  The  stripes  with  thickness  of  420  nm  and  width  of  20  pm  was  fabricated  by 
using  both  platinum  and  SiOa  masks.  By  RIE  a  high  quality  structures  with  smooth 
surface  and  precisely  defined  geometry  was  fabricated.  The  isadvantage  is  the  small 
etch  rate.  For  etching  of  the  channel  structures  with  thickness  of  3  micrometer  of  more 
than  4  hours  are  needed. 

The  KrF  laser  ablation  can  produce  etched  features  with  high  etch  rate,  but 
unfortunately  the  quality  of  the  fabricated  structures  do  not  reach  the  quality  of 
structures  fabricated  by  RIE.  The  improvement  can  be  found  in  using  of  ArF  laser 
instead  BCrF  laser  [14],  very  good  homogenization  of  the  laser  beam,  and  ultrasonic 
removing  of  the  some  large  particles  after  etching  [15]. 

In  spite  of  some  problems  the  RIE  and  laser  patterning  potentially  attractive  for 
fabrication  microstructures  in  this  active  laser  material  for  preparation  channel 
waveguide  laser. 
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Abstract 

The  properties  of  positive  branch  unstable  resonators  with  compact  output 
coupling  and  small  magnification  factors  typical  for  small-size  carbon  dioxide  lasers  are 
considered.  The  effect  of  reflectors  misalignment  on  resonator  losses  and  output  beam 
structure  has  been  studied. 

The  calculations  of  the  resonator  losses  at  various  tilts  of  concave  and  of 
convex  mirrors  were  performed.  The  influence  of  resonator  magnification  factor  and 
Fresnel  Number  on  angular  dependencies  of  losses  has  been  investigated. 

The  effect  of  reflecting  sidewall,  positioned  along  optical  axis  on  the  resonator 
losses  of  slab  lasers  has  been  studied. 

The  obtained  results  provide  data  for  determination  of  the  resonator  rigidity 
required  to  achieve  the  necessary  stability  of  the  radiation  losses  as  well  as  laser  output 
power. 


1.  Introduction 

Molecular  gas  lasers  with  planar  discharge  geometry  are  applied  widely  in  the 
last  few  years  [1-4].  This  is  due  to  the  fact  that  specific  output  power  of  slab  gas  lasers  is 
increased  substantially  as  compared  to  conventional  laser  systems.  At  the  same  time 
many  questions  associated  with  resonators  schemes  selection  and  their  properties  still 
remain  to  be  answered. 

The  one-dimensional  unstable  telescopic  resonators  are  of  considerable  current 
use.  This  cavity  configuration  allows  to  provide  effective  filling  of  large  active  volume, 
compact  output  coupling,  and  single-resonator  mode  operation. 

However,  at  the  active  medium  dimensions  typical  for  small-size  carbon 
dioxide  slab  lasers  of  10  -  100  W  output  power,  unstable  resonators  must  have 
magnification  factor  close  to  unity.  The  results  of  calculations  and  experiments  suggest 
that,  in  this  situation  diffraction  strongly  influences  an  intracavity  field  distribution  and  a 
value  of  the  resonator  losses  [5],  as  well  as  the  shape  of  output  beam  [2-5].  It  may  also 
have  a  marked  effect  on  the  mirror  tilt  sensitivity  of  the  unstable  cavity. 
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In  this  paper  we  consider  the  properties  of  positive  branch  confocal  unstable 
resonators  with  compact  output  coupling  and  small  magnification  factors.  The  action  of 
reflectors  misalignment  on  resonator  losses  and  output  beam  structure  has  been 
investigated. 


2.  Scheme  of  positive  branch  unstable  cavity 

Figure  1  presents  the  top  view  of  the  positive  branch  confocal  unstable 
resonator.  The  cavity  consists  of  planar  waveguide  channel,  concave  mirror  1  of  radius 
of  curvature  i?i,  and  convex  mirror  2  of  radius  of  curvature  /?2.  The  slab  waveguide 
channel  3  is  made  up  of  two  polished  metal  electrodes  of  width  D  and  length  La,  which 
are  placed  in  parallel  to  each  other.  The  interelectrode  separation  d  is  chosen  with 
consideration  for  \/d  scaling  law  [6]  and  level  of  resonator  losses.  For  carbon  dioxide 
lasers  value  of  interelectrode  spacing  conventionally  lies  in  the  range  from  1  mm  to  3 
mm.  The  distance  between  electrodes  ends  and  totally  reflective  mirrors  is 
approximately  10  mm.  This  mirrors  separation  contributes  to  suppression  of  high  order 
transverse  modes  and  precludes  damage  of  reflector  surface.  The  optical  axis  4  of  the 
cavity  is  located  along  one  of  the  edges  of  the  slab,  whereas  the  output  beam  5  is  located 
along  opposite  edge.  The  reflecting  ceramics  sidewall  6  positioned  along  the  optical 
axis.  An  absence  of  second  sidewall  as  well  as  spacing  between  waveguide  ends  and 
mirrors  provides  free  circulation  of  gas  mixture. 


6  4 


Figure  1.  The  scheme  of  a  positive  branch  unstable  cavity  with  compact  output. 

7,  2  -  concave  and  convex  mirrors,  3  -  slab  waveguide  channel,  4  -  optical  axis, 

5  -  output  beam,  6  -  reflecting  sidewall. 

For  positive  branch  telescopic  scheme  the  interrelation  between  the  curvatures 
of  reflectors  and  resonator  length  L  is  given  by  expressions 


_2LM 

1  M-1 


(1) 


M-1 


(2) 
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where  M  =  —  /?i  //?2  is  geometrical  magnification  factor  of  an  unstable  telescopic 
resonator.  Concave  reflector  measures  approximately  D  along  the  x  direction,  aperture 
of  the  convex  reflector  A  is  equal  about  D/M, 

The  values  of  magnification  factor  M  and  the  curvatures  of  reflectors  R\  and 
i?2  are  selected  for  optimal  power  coupling.  The  magnitude  of  optimal  output  coupling 
Topt  is  determined  with  regard  to  small-signal  gain  of  active  medium  by  the  known 
formula  [7] 


where  parameter  b  includes  the  losses  due  to  the  matching  of  the  fundamental 
waveguide  mode  to  the  mirrors  as  well  as  the  losses  associated  with  absorption  in  the 
waveguide  channel  (-  10*^  cm'*),  and  in  the  reflectors  (<  0.01).  For  carbon  dioxide 
lasers  with  active  medium  length  of  several  tens  of  centimeters  the  optimal  output 
coupling  Topt  is  generally  no  more  than  0.3’.  Consequently,  resonator  magnification 
factor  M  is  close  to  unity.  As  can  be  seen  from  expressions  (1)  and  (2),  it  leads  to  the 
use  of  mirrors  with  large  radius  of  curvature.  Under  these  parameters  spherical  optics 
approximate  closely  to  plane  mirrors  in  the  narrow  dimension  y  and  may  be  employed 
instead  of  cylindrical  optics. 

The  resonator  is  waveguide  (dual  Case  I  configuration  [8])  in  the  narrow 
dimension  y,  and  is  unstable  in  the  other  transverse  dimension  X.  This  resonator  scheme 
provides  effective  use  of  active  medium,  single-mode  operation,  and  compact  coupling 
out  of  radiation. 


3.  Technique  of  calculation 

A  field  distribution  of  the  resonator  mode  is  represented  as  the  product  of  two 
functions  each  depending  only  on  one  transverse  coordinate: 

=  M(j:)v(y)  (4) 

where  m(jc)  is  lowest-losses  mode  of  unstable  resonator;  the  function  v{y) ,  that 
describes  the  field  distribution  along  the  axis  perpendicular  to  the  slab  coincides  with 
the  fundamental  mode  of  planar  waveguide  channel: 

v(>>)  -  COS{yK jd) 


(5) 
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It  results  from  high  order  waveguide  modes  discrimination  both  in  the  slab  waveguide 
channel,  and  in  the  free  space  between  channel  edges  and  reflectors  separated  of 
distance  approximately  5  d.  The  intracavity  field  structure  along  the  x  direction  and  the 
resonator  losses  were  determined  from  the  equation 

u{x)y  =  Ku(x)  (6) 

where  the  function  u(x)  describes  a  field  structure  in  the  reference  plane  inside  the 
resonator,  symbol  K  denotes  the  field  transformation  at  the  round  trip  through  the 
cavity,  the  complex  constant  /determines  the  amplitude  damping  and  phase  shift  for  the 
resonator  mode. 

The  equation  (6)  was  solved  numerically  by  using  Fox  and  Li  algorithm.  The 
reference  plane  was  chosen  at  the  convex  reflector.  The  initial  distribution  of  the  wave 
amplitude  was  uniform.  The  field  transformation  upon  passing  between  reflectors  was 
determined  by  the  known  expression 

u(x^  )dx^  (7) 

where  u(x\)  is  the  initial  field  distribution;  Xj^  and  x^  are  the  integration  limits;  A  is 

wavelength  of  radiation;  k  =  iTl/X  is  wavenumber.  The  transformation  of  field 
distribution  by  reflectors  was  found  by  introducing  the  phase  factor  ^xp(ik)^ 
(/=1,2).  The  effect  of  mirrors  tilt  on  field  structure  was  taken  into  consideration  by 

inserting  the  phase  term  CXp(ik(Xx),  where  OC  is  the  angle  of  reflector  misalignment. 

The  output  beam  profiles  at  the  different  distances  z  from  the  laser  head  were 
calculated  from  the  expression  (7).  As  the  initial  distribution  u{x\),  field  structure  in  the 
output  plane  was  employed.  The  substitution  of  distances  z  for  the  resonator  length  L 
was  used.  The  integration  was  performed  within  the  output  beam:  from  A  to  (A+dx)y 
where  dx  is  the  beam  width  along  the  X  direction  in  plane  of  the  convex  reflector. 


^  ^  f  exp(ifeL) 


ik 


(.X2-X^)' 

2L 


4.  Results  and  discussion 

4.1.  THE  LOSSES  OF  THE  CAVITY 

The  intracavity  field  distribution  and  level  of  resonator  losses  were  determined 
at  different  tilts  of  the  mirrors.  The  investigations  were  performed  at  the  parameters 
typical  for  compact  carbon  dioxide  slab  lasers  of  10  -  100  W  output  power.  The  ranges 
of  Fresnel  Numbers  Nf  from  20  to  200  and  magnification  factors  M  from  1.1  to  1.5 
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have  been  studied  more  comprehensively.  It  corresponds  to  lasers  with  active  medium  of 
length  several  tens  centimeters  and  of  width  several  centimeters. 

The  geometrical  optics  theory  supposes  that  the  lowest-losses  mode  amplitude 
u{x)  is  constant  and  intensity  distribution  of  output  beam  is  uniform  along  the  x 

direction.  In  this  case,  at  reflector  misalignment  the  output  coupling  fraction  Tgeom  is 
given  by  expression 


where  (X  -  angle  of  reflector  misalignment.  It  can  be  seen  from  formula  (8)  that  at  angle 
of  mirror  misalignment  of  the  order  of  1  mrad  a  variation  of  Tgeom  is  negligible  under 
our  conditions. 


Figure  ZThe  angular  dependencies  of  losses  (Plots  1,  2,  3).  Plots  1/2/  and  3*-  geometrical  approximation. 

However,  the  computations  show  that  under  parameters  studied  the  angular 
dependencies  of  actual  losses  differs  significantly  from  results  obtained  by  application 
of  geometrical  optics  approximation.  Figure  2  presents,  as  an  illustration,  calculated 
losses  dependencies  on  angle  of  convex  reflector  misalignment.  Fresnel  Number  Np  is 
equal  1 15  for  all  plots.  Curve  1  corresponds  to  resonator  with  magnification  factor  M  = 
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1.1,  curve  2  to  M  =  1.5,  curve  3  to  M  =  2.0.  The  plots  marked  1’,  2’,  and  3’  are  their 
respective  results  obtained  from  the  geometrical  consideration. 


Figure  3.  The  increment  of  cavity  losses  at  the  different  magnification  factors. 

Figure  3  shows  the  same  data  representable  as  losses  increment  relative  losses 
of  cavity  with  untilted  mirrors.  From  Figure  3,  it  follows  that  for  resonator  with  higher 
magnification  factor  the  slope  of  angular  dependence  of  actual  losses  is  lower.  At 
magnification  factor  M  =  5  and  Fresnel  Number  Np  =  115  the  curve  calculated  with 
taken  to  account  diffraction  (Plot  4)  is  close  to  curve  obtained  from  geometrical 
approximation  (Plot  5). 

Analogous  losses  dependencies  on  angle  of  convex  reflector  misalignment  at 
different  Fresnel  Number  Np  were  calculated.  For  example,  at  magnification  factor  M 
=  1.33  the  results  for  Fresnel  Number  Np :  40;  60;  and  170  are  close  to  each  other.  This 
suggests  that  the  change  of  Fresnel  Number  Np  weakly  influences  angular  dependencies 
of  losses. 

The  resonator  losses  at  various  angles  of  concave  reflector  misalignment  were 
determined  too.  The  comparison  of  obtained  data  for  concave  mirror  misalignment  and 
for  convex  mirror  misalignment  was  performed.  It  was  established  that  for  these  cases 
the  trend  of  angular  dependencies  of  losses  is  similar.  The  slopes  of  the  curves  are  of  the 
same  order  of  magnitude.  A  variation  of  magnification  factor  M  and  of  Fresnel  Number 
Np  has  effect  on  a  tangent  of  the  curves  in  a  like  manner. 
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Figure  4.  The  angular  dependencies  of  output  power  for  different  cavity  geometry. 

It  is  therefore  concluded  that  for  lasers  of  equal  output  power  the  long  and 
narrow  geometry  is  more  proof  against  reflectors  misalignment  than  short  and  wide 
geometry.  To  test  the  validity  of  this  conclusion  three  carbon  dioxide  lasers  with  equal 
square  of  active  medium  (~  100  cm^)  have  been  considered.  The  dimensions  of 
discharge  gaps  are:  laser  1  -  length  =  250  mm,  width  Z)  =  40  nun;  2-  La  =  500  nun, 
D  =  20  mm;  and  3-La  =  700  nun,  D  =  15  mm.  The  values  of  resonator  magnification 
factor  M  were  chosen  close  to  optimal  for  output  power  coupling  and  equal  1.1;  1.3;  and 
1.5  respectively.  The  apertures  of  convex  reflector  determined  as  A  =  D/M  are  equal 
36  nun,  15  mm,  and  10  mm. 

Using  calculated  losses  for  these  lasers  and  known  expression  for  power  of 
laser  generation  [7]  the  dependencies  of  output  power  on  angle  of  reflector 
misalignment  were  determined.  Figure  4  presents  obtained  results.  From  these  results  it 
follows  that  for  slab  gas  laser  of  equal  output  power  the  longer  configuration  is  more 
resistant  to  reflector  misalignment. 

Obtained  angular  dependencies  of  losses  were  compared  with  similar  data  for 
conventional  open  stable  resonators.  At  comparison  we  used  results  for  CO2  lasers 
(wavelength  of  radiation  10  mkm)  with  open  stable  resonators  of  length  50  cm. 
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Magnitudes  of  confocal  parameter  g  and  Fresnel  Number  Nf  are  typical  for  molecular 
gas  lasers  with  low  diffraction  losses  and  single-mode  operation  [9]. 


Figure  5.  The  angular  dependencies  of  losses  increment  for  stable  and  unstable  cavities. 

Figure  5  shows  data  for  plane-concave  stable  resonators  with  g  =  0.5,  Nf  =1.1 
(Curve  1),  and  g  =  0.9,  Np  =  2.0  (Curve  2).  The  data  for  one-dimensional  unstable 
telescopic  resonators  with  Np  =115,  magnification  factors  M  =  1.1  (Curve  3),  M  =  1.5 
(Curve  4)  are  given  too.  It  may  be  seen  from  Figure  5  that  mirror  tilt  sensitivities  of 
stable  and  unstable  resonators  are  comparable.  From  this  fact  transpires  that  the  unstable 
resonators  for  slab  gas  lasers  do  not  need  to  be  substantially  more  rigid. 

It  is  interesting  to  note  that  as  length  increased  stable  resonators  resistance  to 
mirrors  misalignment  decreased  in  inverse  proportion  to  square  root  of  L  [9].  By 
contrast,  longer  unstable  resonators  are  more  resistant  to  reflector  misalignment  because 
of  higher  magnification  factor. 

The  above  presented  calculations  results  of  cavity  losses  and  output  power  are 
appropriate  for  positive  branch  unstable  resonators  with  reflecting  sidewall  positioned 
along  optical  axis  (See  Figure  1).  Analogous  computations  for  the  similar  resonators,  but 
without  sidewalls  have  been  performed. 


449 


Figure  6.  The  angular  dependencies  of  output  power  for  lasers  with  sidewall  (1)  and  without  sidewalls  (2). 


Figure  6  shows  dependencies  of  laser  output  power  on  angle  of  reflector 
misalignment  for  these  cavity  schemes.  Both  curves  are  obtained  for  cavities  with  the 
same  Fresnel  Number  A/V  =  115  and  resonator  magnification  factor  M  =  1.33.  Curve  1 
corresponds  to  configuration  with  sidewall,  curve  2  -  without  sidewalls.  It  may  be  seen 
from  Figure  6  that  absence  of  reflecting  sidewall  decreases  laser  power.  This  is  because 
the  cavity  losses  not  associated  with  useful  output  of  radiation  increase  in  magnitude.  In 
addition,  the  reflector  tilt  sensitivity  of  the  scheme  with  reflecting  side  wall  is  somewhat 
below.  For  these  reasons  it  is  advantageous  to  use  sidewall  in  such  systems. 


4.2.  OUTPUT  RADIATION  STRUCTURE 

The  field  distributions  of  output  radiation  at  different  distance  from  laser  head 
were  determined.  It  is  shown  that  angle  of  reflector  tilt  markedly  influences  the  shape  of 
near-field  pattern.  Far-field  pattern  remains  bell-shape  in  tilt  range  studied.  At  small 
angles  of  misalignment  the  divergence  of  radiation  as  well  as  beam  quality  factor  Mx  in 
the  X  direction  are  changed  insignificantly.  Magnitude  of  was  calculated  according 
to  [10] 
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(9) 

where  Oxo  and  Ogx  are  minimum  spatial  variance  and  spatial  frequency  variance 
correspondingly. 

The  similar  behaviour  of  near-  and  far-field  patterns  takes  place  in  unstable 
cavities  without  mirror  misalignment  under  changes  in  Fresnel  Number  Np  by  variation 
in  convex  mirror  aperture  A  or  resonator  length  L  [11].  The  difference  lies  in  the  fact 
that  mirror  tilt  causes  displacement  of  far-field  pattern.  The  relationship  between 
reflector  misalignment  and  angular  shift  of  output  beam  has  been  investigated  at  variable 
magnification  factor  and  Fresnel  Number. 


Figure  7.  The  tilt  angle  of  output  beam  vs  tilt  angle  of  mirror  at  the  different  cavity  magnifications. 

Figure  7  shows  tilt  angle  of  output  beam  as  a  function  of  mirror  misalignment 
angle.  Fresnel  Number  Np  is  equal  60  for  all  plots.  Curve  1  corresponds  to  resonator 
with  magnification  factor  M=  1.1,  curve  2  to  M  =  1.3,  curve  3  to  M  =  1.5.  From  Figure 
7,  it  follows  that  for  resonator  with  higher  magnification  factor  the  output  beam  is  more 
resistant  to  reflector  misalignment. 

Figure  8  presents  analogous  dependencies  for  resonators  with  magnification 
factor  M  =1.3  and  different  Fresnel  Numbers.  Curve  1  corresponds  to  Fresnel  Number 
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Nf  =  40;  2  -  AT/t  =  60;  and  3 -Nf=  170.  From  Figure  8  the  conclusion  that  the  change 
of  Fresnel  Number  Np  weakly  influences  angular  position  of  output  beam. 


5.  Conclusion 

The  properties  of  positive  branch  confocal  unstable  resonators  with  compact 
output  coupling  and  small  magnification  factors  are  considered.  The  action  of  mirrors 
misalignment  on  resonator  losses  and  output  beam  structure  has  been  investigated. 

It  was  found  that  under  parameters  typical  for  small-size  carbon  dioxide  slab 
lasers,  the  angular  dependencies  of  actual  losses  differ  significantly  from  results 
obtained  from  geometrical  optics  approximation. 

From  calculations  it  follows  that  the  losses  of  resonator  with  higher 
magnification  factor  are  more  proof  against  reflectors  misalignment.  The  change  of 
Fresnel  Number  weakly  influences  angular  dependencies  of  losses. 

Open  stable  cavities  of  single-mode  gas  lasers  and  the  unstable  cavities  have 
been  compared.  It  shown  that  their  mirror  tilt  sensitivities  are  comparable.  This  suggests 
that  unstable  cavities  for  slab  gas  lasers  don’t  need  to  be  considerable  more  rigid. 

The  effect  of  reflecting  sidewall,  positioned  along  optical  axis  on  resonator 
losses  of  slab  lasers  has  been  studied.  It  is  shown  that  using  of  sidewall  increases  laser 
output  power  as  well  as  its  stability  under  mirrors  tilts. 
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The  effect  of  reflectors  misalignment  on  field  distributions  of  output  radiation 
is  considered.  The  dependencies  of  output  beam  tilt  on  angle  of  mirror  misalignment  are 
determined  at  the  different  Fresnel  Numbers  and  magnification  factors  of  the  cavity. 

The  obtained  results  provide  data  for  determination  of  the  resonator  rigidity 
required  to  achieve  the  necessary  stability  of  the  radiation  losses  as  well  as  laser  output 
power. 


This  work  is  supported  by  grant  of  Russian  Interdepartmental  Scientific  and 
Technology  Program  “Optics.  Laser  Physics”. 
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1.  Introduction 

In  recent  years  a  good  beam  quality  of  the  laser  light  has  been  required  for 
many  scientific  and  technical  applications  of  high  power  solid  state  lasers. 

Phase  conjugation  via  stimulated  Brillouin  scattering  (SBS)  has  been 
demonstrated  to  be  a  simple  and  very  efficient  method  for  dynamically  correcting 
the  aberrations  in  solid  state  lasers  [1].  Beside  achieving  a  good  beam  quality 
another  feature  provided  by  the  SBS  interaction  is  the  self  Q-switching  of  the 
optical  resonator. 

The  approach  usually  adopted  is  to  include  the  SBS  medium  inside  a  laser 
cavity  with  a  secondary  mirror  employed  to  provide  feedback  at  the  beginning  of 
the  laser  action  [2].  High  intra-cavity  intensities  experienced  by  the  SBS  medium  in 
this  configuration  can  lead  to  poor  spatial  beam  quality.  This  limits  the  repetition 
rate  and  peak  power  of  the  output. 

There  has  been  reported  also  an  alternative  cavity  configuration  in  which 
SBS  medium  resides  outside  the  conventional  cavity  [3-5].The  output  beam  was 
found  to  have  a  TEMoo  mode  and  efficient  energy  extraction  at  very  high  repetition 
rate  using  high  purity  SBS  media. 

We  have  investigated  experimentally  and  theoretically  the  performance  of 
a  pulsed  Nd:YAG  laser  system  utilising  external  stimulated  Brillouin  scattering  for 
Q-switching  and  phase  conjugation  of  the  cavity  radiation  using  two 
configurations.linear  laser  resonator  and  ring  laser  resonator. 

The  novel  feature  of  our  linear  configuration  was  the  use  of  a  solid  state 
saturable  absorber  (LiF  crystal)  to  onset  the  SBS  process  [7]. 
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In  comparison  with  the  linear  configurations  where  each  round  trip  the 
laser  beam  travels  within  the  cavity  will  generate  a  downshifted  Stokes  beam  and 
therefore  increasing  the  bandwidth  of  the  laser  emission,  the  ring  configuration 
allows  the  potential  of  single  fi-equency  operation  from  the  resonator.  In  our  ring 
configuration  the  Q-switching  regime  was  obtained  in  a  novel  oscillator  two-pass 
amplifier  system  [8]. 

2.  Linear  laser  resonator 

2.1.  EXPERIMENTAL  SET-UP  AND  RESULTS 

The  experimental  set-up  is  depicted  schematically  in  Figure  1. 


Figure  1 

Schematic  of  the  experiment  for  the  linear  configuration 

The  concave  mirror  (3m  radius)  with  reflectivity  R>99,5%  and  the  plane 
mirror  with  R=20%  defined  a  hemispherical  resonator  whose  length  was  1.  Im.  The 
Nd:YAG  rod  with  a  6mm  diameter  and  a  80mm  length  was  pumped  by  a  flash 
lamp  in  a  difluse,  liquid  cooled  cavity.  The  radiation  at  1.06  pm  was  outcoupled  by 
a  quarter-wave  plate-Glan  polarizer  combination  which  provided  an  easy  way  to 
optimise  the  output  energy  by  adjusting  the  coupling  transmission,  including  the 
final  Brillouin  reflectivity.  The  Brillouin  cell  (L=10cm)  filled  with  carbon 
disulphide,CS2  ,  was  placed  behind  a  lens  (focal  length=5cm)  outside  the  linear 
cavity. We  choose  CS2  because  of  its  large  gain  (0.06  cm/MW)  for  SBS.  This  cell 
acted  as  both  a  phase  conjugate  mirror  and  as  a  Q-switch.  The  pinhole  selected  the 
transverse  modes  by  limiting  the  Fresnel  number. 

The  Brillouin  backscattered  radiation  returned  to  the  main  resonator  was 
extracted  through  the  mirror  Mj  to  be  analysed.  A  fast  vacuum  photodiode  (rise 
time  0.3ns)  and  a  Tektronix  519  oscilloscope  (bandwidth  IGz)  was  used  to  monitor 
the  laser  pulse  duration.  A  TRG  102  energimeter  was  used  to  measure  laser  beam 
energies.  The  divergence  of  the  output  radiation  was  estimated  by  putting  different 
apertures  in  the  focal  point  of  a  Im  focal  length  lens  and  measuring  the  diameter 
corresponding  to  80%  fiill  energy. 
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When  the  quarter-wave  plate  is  oriented  in  such  a  way  that  maximum  of 
the  beam  energy  was  outcoupled  by  the  Gian  polarizer,  the  energy  entering  the 
Brillouin  cell  was  about  30  mJ  in  the  form  of  relaxation  oscillations  pulses  with 
duration  of  the  order  of  200-300  ns.This  output  power  proved  not  to  be  enough  to 
onset  the  SBS  process  so  we  used  a  saturable  absorber  to  start  the  Q-  switching  of 
the  cavity  so  we  put  in  the  cavity  a  LiF  crystal  with  F2  "  centres.  (Tq=  10%) 

a)  An  output  beam  vdth  an  energy  of  40mJ  in  a  pulse  of  15-20  ns  duration 
was  obtained  when  the  energy  incident  on  the  Brillouin  cell  was  25  mJ.  The 
experimental  recordings  of  the  output  pulse  with  a  width  (FWHM)  of  40  ns  and  20 
ns  is  shown  in  Figure  2. 


Figure  2 

Pulse  shape  that  is  due  to  LiF  crystal  Q-switching  (2a)  and  simultaneous  LiF  and  SBS  Q-switching  (2b) 

The  Figure  2a  shows  the  output  pulse  without  the  Brillouin  cell  and  Figure 
2b  the  case  when  the  Brillouin  cell  is  in  action.  The  divergence  was  smaller  than  3 
mrad. 

b)  Introducing  a  pinhole  (2.5mm)  into  the  cavi^  the  energy  drooped  to 
5mJ  but  the  divergence  became  1.5  the  difEraction  limit. 

2.2.  THEORY 

We  described  the  passive  Q-switching  regime  of  the  laser  by  the  rate 
equations  [6]; 

^  =  q[Bn-Yn.(q)] 

—  =  -qBn  (1) 

dt 

n(0)  =  ntt,(l-l-C);q(0)  =  qsp 

where  q  is  the  photon  density  and  n-  the  population  inversion,  n^jj-  is  the  threshold 
inversion,  B  is  the  Einstein  coefficient  and  y^(q)  represents  the  losses  which  are 
intensity  dependent  because  of  the  SBS  mirror  reflectivity  R.  The  initial  population 
inversion  n(0)  has  been  assumed  above  threshold  by  a  fiictor  l+^(^»2%). 
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The  threshold  condition  for  laser  oscillation  is: 


lR,Te(^--“)''T^R,+RoR3l  =  I  (2) 

where  I  is  the  laser  intensity  in  the  resonator, Rj  is  the  reflectivity  of  the  output 
mirror,  R2=100%,  T  is  the  saturable  absorber  transmission,  Tq  ,Rq  are  the 
transmission  and  the  reflectivity  of  the  Gian  polarizer,  lj.-the  Nd:YA6  rod  length, 
Yg-the  amplification  coefficient  and  a  the  losses  per  unit  length. 

The  nonlinear  losses  are  : 

c,  1-RgRb 

Yn,  =  —  ca  + — In - ^  (3) 

UJ  1,  R^TT^ 

l^-the  length  of  the  resonator. 

A  simple  steady  state  theory  of  SBS  gives  the  analytical  solution  for 
Brillouin  reflectivity  of  the  cell,  R  : 

exp(-G)  1-R 

R  exp[(l-R)gBL^l]-R 

where  G~25  is  related  to  the  initial  Stokes  noise  level,  gg  is  the  Brillouin  gain  and 
LgfY  is  an  effective  interaction  length  which  depends  on  the  radiation  focusing 
inside  the  cell. 

If  we  introduce  the  normalised  variables  : 

i  =  tfx 

y(^)  =  K^)/n(0) 

x(^)  =  (l  +  I,)g,L.„ 

where  Ig  is  the  Stokes  intensity  and  t=lQ/c  is  the  round  trip  time  of  the  resonator. 

We  obtain  the  following  system  of  equations  : 

^  =  [A.y-G(R)]C(R) 


<)5 

dx(^) 


=  -Boyx 


=  [Aoy-G(R)]x 


The  initial  conditions  are  : 

R(o)  «  e“^y(0)  =  l;x(0) «  e~^ 


The  functions  and  constants  used  in  system  (6)  are  : 
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A„=^Bn(0) 

c 

2^B 

c 


Bo- 


chvggL^ 


G(R)  = 

R,R,TT^ 


C(R)  = 


r(i-r") 


2R  + 


1-R 


(8) 


The  results  of  the  numerical  simulations  are  presented  in  Figure  3. 


—  (ns) 


Figure  3 

Plot  of  the  SBS  reflectivity  R(curvel),  population  inversion  (curve2),  output  pulse  (curve3)  as  a  function  of 

time 

Our  theoretical  model  which  has  considered  the  stationary  approximation 
for  the  SBS  interaction  proved  to  be  enough  good  to  explain  the  Q-switching 
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regime  of  the  Unear  resonator.  The  predicted  pulse  duration  25ns  is  close  to  the 
experimental  measurements. 

3.  Ring  laser  resonator 

3.1.  EXPERIMENTAL  SET-UP  AND  RESULTS 

The  experimental  set  up  is  depicted  schematically  in  Figure  4. 


Figure  4 

Schematic  of  the  experiment  for  the  ring  configuration 

The  four  plane  mirrors  with  reflectivity  R~100%  and  the  Nd.YAG  rod 
with  a  small  signal  single  pass  gain  of  -  100  defined  the  ring  cavity,  whose  length 
was  Im.  The  Nd:YAG  rod  with  a  6  mm  diameter  and  a  90  mm  length  was  pumped 
by  a  flash  lamp  in  a  diffuse,  liquid  cooled  cavity  The  radiation  at  1.06  pm  w^ 
outcoupled  by  a  half-wave  plate-polarizer  combination.  The  Bnllomn  cell  ^  10 
cm)  filled  with  CS2  was  placed  behind  a  lens,  which  had  a  focal  length  of  10  cm, 
outside  the  ring  cavity.The  Brillouin  backscattering  radiation  returned  to  the  nng 

resonator  has  been  extracted  through  the  polarizer  cube  to  be  analysed. 

A  fast  photodiode  and  a  Le  Croy  digital  oscilloscope  (2GHz)  have  been 
used  to  monitor  laser  pulse  duration.  Mollectron  detectors  have  been  used  to 
measure  laser  beam  energies.  The  transversal  structure  of  the  output  radiaUon  was 
monitored  by  a  CCD  camera  and  a  SPERICON  system. 

The  energy  entering  the  Brillouin  cell  was  about  120-130  mJ  in  the  fotm 
of  relaxation  oscillations  pulses  with  duration  of  the  order  of  200-300  ns  but  tos 
output  power  could  not  reach  the  SBS  threshold.  We  used  a  saturable  absoAer 
(Kodak  liquid  saturable  absorber  for  Nd:YAG  laser  radiation)  to  imtiate  the  S 
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process.  It  was  mounted  in  the  cavity  and  aligned  such  the  reflection  of  the  cuvette  s 
windows  would  not  cause  feedback  and  the  transmission  was  reduced  until  a  single 
Q-switched  spike  was  obtained.  This  has  the  additional  effect  of  pre-Q  switching  the 
laser  yielding  pulses  of  duration  «50  ns  in  the  clockwise  (1^)  and  anti-clockwise  (1^) 
directions. 

The  output,  Ic  was  incident  on  the  cell  containing  CS2.  Reflection  from  the 
SBS  cell  reinjected,  1^  ,  back  into  the  ring  where  it  contributed  to  the  flux,  1^.  The 
clockwise  travelling  output  from  the  rod,  via  polariser,  was  p-polarised  and  after 
one  pass  through  the  half  wave  plate  became  s  polarised  component  and  was 
focused  into  the  SBS  cell.  Because  the  SBS  interaction  preserves  the  polarisation 
state,  the  re-injected  radiation  was  also  s-polarised  but  having  a  frequency  which 
corresponded  to  the  first  Brillouin  Stokes  shift  coj^OQ-cog,  where  cOq  is  the 
linecentre  of  the  NdiYAG  crystal  and  cog  is  the  acoustic  frequency.  After  one 
complete  round  trip  s^icoi)  was  converted  to  pi(o)i)  by  the  half  wave  plate  and  then 
made  a  second  round  trip  before  reconversion  back  into  $2(0^1)  and  emission 
through  polariser  as  the  output.  The  cavity  therefore  acts  as  an  oscillator-two  pass 
amplifier  system. 

The  laser  visible  in  Figure  4  started  in  the  free-running  regime  with  a  low 
Q  factor  determined  by  the  losses  of  the  cell  and  of  the  saturable  absorber.  The  SBS 
reflectivity  of  the  cell  increased  rapidly  with  the  incident  wave  intensity  and  the 
ring  resonator  with  the  Brillouin  mirror  reached  a  high  Q  factor. 

The  output  beam  with  an  energy  of  40  mJ  in  a  pulse  of  15-20  ns  duration 
was  obtained  at  2Hz.  At  higher  repetition  rates  Q-switching  action  become 
unreliable  due  to  the  fact  that  the  saturable  absorber  was  not  circulated  and 
excessive  thermal  loading  may  appear . 

A  typical  output  pulse  with  a  width  (FWHM)  of  15  ns  is  shown  in  Figure  5 


Figure  5 

Pulse  shape  that  is  due  to  simultaneous  liquid  saturable  absorber  and  SBS  Q-switching 
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The  Q-switched  laser  was  partially  mode-locked  indicating  that  there  exist 
many  longitudinal  modes  oscillating  during  the  lasing  process. 

Under  proper  alignment  of  laser  mirrors,  and  with  an  aperture  of  d=l,5 
mm  the  laser  could  operate  in  the  TEMqo  mode  and  the  energy  of  the  pulses 
diminished  to  5  mJ. 


3.2.  THEORY 


The  system  describing  the  Q-switching  regime  is  the  same  as  in  the  case  of 
the  linear  resonator. 

The  threshold  condition  for  the  two  intensities  and  are  derived 
considering  an  imaginary  plane  between  the  polariser  and  mirror  Rj  : 

IaR,TR,R3e(^--“)’'R,(l-R„„,)  +  I,RR„,  =1,  (9a) 

I,(l-R„,)R4e^’'''“’''R3R2TR,  =1,  (9b) 

where  Rq^^  is  the  reflectivity  of  the  output  mirror  (polariser), 
Ri=r^=r3=^=100%,T  is  the  transmission  of  the  saturable  absorber  (T=30%) ,  Ij. 
is  the  rod  length  and  a  are  the  losses  per  unit  length  of  the  laser  rod. 

We  define : 


Thus,  the  nonlinear  losses  yni(q)  have  the  form  : 


2l^a  1, 

V  rr  ^  -1-  1t1<i 

l-R5R„ut 

/  nl  ^ 

T  X 

[(l-R„,)TR.R,R3R,f 

(11) 


where  t=1q/c  is  the  round  trip  time  of  the  resonator.  In  the  expression  of  the 
nonlinear  losses  we  neglect  tho  term  referring  to  the  linear  losses  21j.a/T,  which  is 
veiy  small. 

The  steady  state  theory  of  SBS  (eq.  4)  have  been  considered  again  to  find 
the  analytical  solution  for  R . 

If  we  introduce  the  normalised  variables  : 

^  =  t/T 


R(^)  =  /I  ^-R4(l-Rout)R.TR,R3e<^--")'- 

Rout 

y(^)  =  n(^)/n(0) 

4^)  =  (lo+Ia)gBL.ff 

we  obtain  the  following  system  of  equations  : 
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^  =  [A.y-H(R)]c(R) 

^-B,yx  03) 

^  =  Ky-H(R)lx 

The  initial  conditions  are  the  same  as  in  (7),  Aq,  Bq  and  C(R)  are  identical 
as  in  (8)  and  H(R)  has  the  following  expression  : 


H(R)  =  In 


I-RSRqu, 

[(l-R„jTR,R,R3R4f 


(14) 


The  results  of  the  numerical  simulations  are  presented  in  Figure  6. 


Plot  of  the  SBS  reflectivity  R(curvel),  population  inversion  (curve2),  output  pulse  (curve3)  as  a 
flinction  of  time  for  =0.5. 

Despite  its  simplicity  ,  this  model  accurately  reproduces  the  narrowing  for 
increased  losses  by  stimulated  Brillouin  scattering  in  the  ring  resonator.  The 
predicted  pulse  duration  20  ns  is  in  good  agreement  with  experiment. 
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4.  Conclusions 

We  demonstrated  a  SBS  Q-  switching  of  a  linear  and  ring  resonator  based 
on  the  gain  material  Nd:YAG.  The  power  generated  in  the  free-running  regime 
proved  to  be  not  enough  to  rich  the  threshold  of  the  SBS  process  in  CS2.  However 
we  succeed  to  start  operation  of  the  laser  in  the  Q-switching  regime  using  a 
saturable  absorber. 

A  theoretical  description  of  the  external  SBS  Q-switched  resonators  has 
been  developed,  using  the  stationaiy  approximation  for  the  SBS  interaction  and 
good  agreement  between  experimental  data  and  theory  was  obtained.  The  predicted 
pulse  was  smooth  since  the  equations  modelled  take  no  account  of  propagation 
effects  within  the  resonator  and  the  subsequent  frequency  shift  which  is 
characteristic  for  SBS. 
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Abstract. 

The  passive  ring  laser  resonator  of  square  size  with  a  side  equal  to  3.1  m 
is  created  in  Sternberg  State  Astronomical  Institute  for  the  determination 
of  the  Earth  angular  rate. 

This  work  deals  with  the  construction  of  resonator  and  mode- watching 
system,  estimation  of  the  resonator  parameters,  influence  of  the  tempera¬ 
ture  variations  on  the  mode  structure,  control  of  the  resonator  perimeter, 
influence  of  the  nonplanarity  and  the  light  polarization  on  the  quality  factor 
and,  thus,  on  the  accuracy  of  the  Earth  rotation  measurements. 


1.  Introduction 

Great  attention  is  paid  now  to  the  determination  of  the  Earth’s  angular 
rate  H  and  the  universal  time  UTl  -  UTC,  connected  with  it,  with  high 
precision  and  time  resolution.  Another  important  task  is  to  do  observations 
non-dependent  on  weather  [1],  the  transparency  and  changes  of  the  reflec¬ 
tive  index  of  the  atmosphere.  First  of  all  it  is  interesting  to  geophysicists 
because  the  Earth  rotation  is  connected  with  the  processes  in  the  oceans 
and  atmosphere,  tides  in  the  Earth’s  crust  and  so  on  [2]. 

The  processes,  mentioned  above,  cause  the  variations  of  the  Earth  ro¬ 
tation  rate  about  SQ./Ct  «  10"^,  where  SQ./Q  =  -LOD(s)/86400s;  LOD 
-  length  of  day  is  excess  of  duration  of  the  day  on  86400  s.  The  seasonal 
variations  of  the  LOD  are  of  order  Sft/Q.  w  5  •  10“®  .  Fig.l  shows  the  LOD 
variations  during  3  years.  The  data  were  obtained  by  the  International 
Earth  Rotation  Service  (lERS).  Diurnal  variations  of  the  universal  time 
are  shown  on  Fig.2  and  are  of  order  SCt/Q,  «  5  •  lO"^. 
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Figure  L  Length-of-day  (LOD)  variations  determined  by  the  lERS. 
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Figure  2.  Variations  of  the  universal  time  UTl-UTC  determined  during  SEARCH -92 
Campaign  by  GSFC  using  VLBI-observations. 


Active  and  passive  laser  gyroscopes  (or  simply  the  ring  resonators  with 
large  perimeter  and  square)  are  planned  to  use  to  determine  high-accuracy 
variations  of  the  Earth’s  rotation  [4],  [19].  The  potential  frequency  reso¬ 
lution  of  a  ring  laser  gyro  is  arguably  greater  than  that  of  any  other  de¬ 
vice  [23].  The  construction  and  the  main  characteristics  of  the  passive  laser 
gyro  build  in  Sternberg  State  Astronomical  Institute  (Moscow,  Russia)  are 
discussed  in  this  paper. 


2.  The  construction  of  the  ring  resonator  and  mode-watching 
system 

The  operation  of  laser  gyro  is  based  on  the  ”Sagnac”  effect;  in  the  presence 
of  rotation  with  respect  to  inertial  space  perpendicular  to  the  plane  cavity, 
there  appears  the  frequency  difference  between  two  beams  propagating  in 
the  opposite  directions  in  the  cavity.  It  can  be  explained  by  the  fact  that 
the  optical  length  of  clockwise  (CW)  and  counter-clockwise  (CCW)  paths 
round  the  ring  are  no  longer  equal  [16]. 
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We  have  chosen  the  passive  resonator  gyro  [6].  The  scheme  is  attractive 
because  it  eliminates  the  problems  associated  with  the  gain  medium  inside 
the  interferometer  itself.  This  kind  of  interferometers  is  free  from  beam 
locking,  the  variations  of  the  light  path  optical  length  due  to  the  variations 
of  refraction  index  of  the  gain  medium,  different  thermal  effects  in  the  gain 
medium. 

Active  gyros  are  usually  used  to  determine  high  rotation  rates.  As  it 
is  shown  by  Privalov  [21]  using  common  He-Ne  ring  laser  we  are  able  to 
determine  the  rotation  rate  with  accuracy  10“^  —  10"^  due  to  the  pro¬ 
cesses  in  the  gain  medium  only.  The  further  increasing  of  the  measurement 
accuracy  is  connected  with  serious  improvement  of  the  device  parameters 
and  measurement  time  increase.  The  measurement  time  determines  the  fre¬ 
quency  resolution.  So  the  detection  of  the  subdiurnal  variations  of  the  LOD 
requires  integration  time  of  about  one  hour. 

The  active  ring  laser  for  geodesy  is  installed  in  Canterbury,  New  Zealand 
[19],  [20].  Bilder  et  al.  have  built  the  active  rectangular  3.5  m  perimeter  gyro 
and  are  planning  to  build  the  resonator  with  dimensions  4.2  mx4.2  m.  They 
have  achieved  the  demanded  accuracy  of  the  determination  5CI/Q  ~  10“^ 
by  increasing  the  measurement  time  to  8  days,  decreasing  the  temperature 
fluctuations  to  ±10  millidegrees  over  days  by  underground  location  (30  m 
underground)  of  the  ring.  To  improve  the  achieved  accuracy  square  ring 
of  16  m  perimeter  and  16  m^  area,  which  enhances  both  the  signal  and 
reduces  the  noise,  is  planned  to  build.  Cavity  losses  are  expected  to  decrease 
by  an  order  of  magnitude,  due  to  mirrors  with  lower  loss.  Other  He-Ne  /2- 
stabilized  laser,  placed  in  monolitic  Zerodur  bloc  [22]  with  low  loss  dielectric 
mirrors,  is  installed  15-20  meter  underground  at  Wettzell,  Germany. 

The  beat  frequency  depends  on  the  angular  frequency  of  rotation  with 
respect  to  the  local  inertial  frame,  the  area  S  and  the  perimeter  L  of  the 
ring,  and  the  optical  wavelength  A; 


A/  = 


45fi 
XL  * 


We  have  built,  the  so-called,  amplitude  detector.  As  being  excited  by 
the  internal  generator  the  forced  oscillations  of  the  rotating  ring  cavity  will 
have  unequal  dissipation  in  the  detuned  ring  resonator.  It  will  result  in  the 
intensity  alteration  of  the  counter-propagating  waves.  This  effect  can  be 
used  to  determine  the  rotation  rate  of  the  platform  [5] . 

Passive  ring  resonators  are  usually  used  to  determine  the  phase  degen¬ 
eracy.  But  as  it  is  shown  in  the  work  [16]  the  accuracy  of  the  frequency 
difference  determination  is  6  *  10^  times  better  than  the  phase  degeneracy 
measurements. 

The  determination  of  the  passive  gyro  shape  is  made  by  examining  the 
parameters  of  the  resonator  eigenmode  [12].  The  resonator  modes  have  to  be 
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stable,  it  means  that  the  beam  divergence  can  be  compensated  by  focusing 
with  the  help  of  spherical  mirrors.  The  parameters  of  the  resonator  was 
obtained  by  the  ray  matrix  method  [7]. 

Many  authors  [8]  prefer  to  work  with  resonators  having  three  sides. 
This  construction  gives  us  only  one  resonator  plane  but  the  ratio  L/S  is 
less  than  in  the  case  of  four-side  resonator.  The  theoretical  limit  of  the  A / 
determination  will  be  more  in  three-side  resonator  than  in  the  case  of  four- 
side  one.  But  at  the  same  time  four-side  resonator  can  be  done  by  two  planes 
with  some  angle  5  between  them  (the  so-called  nonplanar  resonator)  [9].  So 
we  must  estimate  the  effect  of  the  nonplanar  resonator  on  the  accuracy  of 
the  determination  of  the  value  .  It  becomes  important  when  we  are 
going  to  achieve  the  accuracy  of  the  determination  JO/Q  ^  10“^. 

Our  passive  resonator  has  a  square  form  with  the  side  equal  to  3.1  m. 
It  is  mounted  in  the  separate  cellar  on  a  massive  plate  to  avoid  the  random 
oscillations  of  the  soil,  caused,  for  example,  by  Moscow  traffic.  But  at  the 
same  time  this  construction  can  lead  to  the  long-periodical  changes  of  the 
mirror  positions. 

The  resonator  is  formed  by  two  flat  (i?i,  R^)  and  two  spherical  (jR2j 
i?4)  mirrors  with  /?2,4  =  10  m,  the  arms  length  (?  =  3.1  m)  and  the  mirror 
curvature  radius  is  chosen  to  form  stable  resonator  modes  (Fig.3). 


Figure  3.  Schematic  optical  diagram  of  the  ring  resonator.  The  mirrors  1  and  3  are  flat, 
and  mirrors  2  and  4  are  spherical. 

The  calculated  resonator  eigenmodes  have  the  following  spot  size  dimen¬ 
sions  in  beam  waist,  located  on  the  flat  mirrors:  lJx  =  1.086  mm,  u)y  =  0.841 
mm.  The  input  {Ri)  and  output  (iZa)  mirrors  are  flat. 

The  experimentally  measured  laser  beam  parameters  at  beam  waist  are 
i^Ox  =  ^Oy  =  0.222  mm. 

The  reflection  index  measured  at  the  angle  of  incidence  45®  for  flat 
mirrors  -  96%,  for  spherical  -  99%.  The  spherical  mirrors  are  mounted  on 
the  piezoelectric  rods  (piezoelectric  length  transducers  (PT)).  It  permits 
us  to  move  them  and  to  vary  the  resonator  length  up  to  ±2  /zm.  We  use 
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specially  stabilized  He  ~  Ne  laser  LG-303  with  W  =  1.5  mW  working  at 
TEMqo  mode  for  our  experiments. 

The  square  form  of  our  resonator  courses  the  changes  of  the  laser  light 
polarization.  In  the  case  of  the  plane  resonator  these  questions  are  discussed 
in  the  work  [10].  The  same  questions  for  nonplanar  resonators  are  under 
the  consideration  in  the  works  [17]  and  [9].  This  effect  decreases  the  gyro 
quality  factor  and  thus  decreases  the  accuracy  of  our  device. 

We  use  special  matching  lens  system  [18].  The  parameters  of  lens  mode¬ 
watching  system  (spherical  and  cylindrical  lenses,  flat  mirrors)  were  ob¬ 
tained  by  ray  matrix  method  using  the  complex  beam  parameter  q{z): 


1 


1 

Ji(z)  + 


^£J(Z) 

TT 


2 


We  used  the  simplex-method  to  take  into  account  the  additional  limitation 
on  the  unknown  parameters.  The  parameters  of  the  system  (the  lens  op¬ 
tical  forces  (Fi)  and  distances  (k)  between  lenses)  are  determined  by  this 
method:  the  value  \qx  —  4^0a:P  +  \qy  —  Aqoy\^  is  minimized,  where  A  is  the 
matrix,  depending  on  Z*  and  F*,  qx  and  qy  corresponds  to  input  resonator 
beam,  qox  and  qoy  corresponds  to  output  laser  beam. 

We  have  estimated  matching  mirror  system  and  the  mixed  one  (mirrors 
and  lenses)  by  the  same  method,  but  the  lens  system  seems  to  be  more 
attractive  [12]  (Fig.  4). 


Figure  4^  Mode- watching  system:  1-light-dividing  prism,  2-fiat  mirrors,  3-the  input 

passive  resonator  mirror. 

To  avoid  the  problem  of  uncorrelated  laser  jitter,  when  two  separate 
lasers  are  used,  we  decided  to  derive  two  independently  controlled  laser 
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frequencies  from  one  laser.  With  the  help  of  special  optical  glass  cube  we 
divided  laser  beam  into  two  beams.  Then  they  both  penetrate  through  their 
own  matching  system  and  enter  the  cavity  through  the  flat  mirror. 

The  beam  returning  from  the  passive  cavity  can  course  some  pertur¬ 
bations  in  laser.  It  leads  to  laser  unstable  work.  That  is  why  we  have  to 
use  non-interaction  elements  -  acousto-optics  modulators  (AOM)  (sound 
transducers),  deflecting  laser  beam  and  shifting  laser  light  frequency.  The 
frequency  shift  is  constant  and  is  equal  to  fi  =  25  MHz  for  the  CW  beam.  It 
is  obtained  from  the  frequency  standard  (ST).  It  is  variable  (/2  =  /i  +  A/) 
for  the  CCW  beam.  We  determine  the  rotation  rate  by  making  frequency 
diflPerence  measurement.  We  measure 

A/  =  f 2  —  fi  =  siny?  «  295Hz, 

XIj 

where  A  =  0.63  //m  is  the  laser  wavelength,  (p  is  the  latitude  of  the  place. 

The  cavity  is  tuned  to  the  frequency  equal  to  /o  +  f\  with  the  help  of 
voltage  feedback  loop  by  moving  one  of  the  spherical  mirrors.  We  receive 
signal  needed  for  the  loop  work  on  the  detector  Di  output.  The  perimeter 
of  the  ring  is  kept  during  the  measurement  time  with  error  less  than  30  A  . 
In  order  to  obtain  the  stable  work  of  the  loop  another  spherical  mirror  is 
jittering  with  the  frequency  /m  =  2  kHz  and  the  amplitude  equal  to  the 
tenth  parts  of  A.  The  differential  signal  of  Di  (DA)  and  D2  is  guiding  the 
/2  frequency  synthesizer  (FS).  The  schematic  diagram  of  the  passive  laser 
gyro  is  given  in  the  Fig.  5. 


Figure  5.  Schematic  diagram  of  the  passive  laser  gyroscope  -  rotation  sensor. 


The  optical  circuit  is  vacuumed  to  avoid  the  influence  of  air  convection. 
We  have  done  it  by  steel  tubes  and  special  cavities  for  mirrors.  Using  three 
vacuum  pumps  we  can  have  pressure  p  =  10“^  Pa  in  the  cavity. 
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3.  The  estimation  of  the  parameters  and  accuracy  of  our  device 

Gyroscope  parameter  changes  81  jl,  laser  frequency  (5///o,  angle  of  rotation 
axes  inclination  in  respect  to  the  cavity  plane  8(p  course  the  changes  of  the 
expression  ASfo/cL^  where  c  is  light  velocity  [24].  These  variations  cause 
the  variations  of  the  measured  frequency  A/  even  if  the  Earth’s  rotation 
rate  ft  is  stable: 

S{Af)  =  T  y  +ctg</?5(/j)sm<^, 

where  I  is  the  square  cavity  side  length. 

To  determine  SQ/fl  with  error  10“^  per  day  the  other  parameters  must 
have  errors  less  than  10”®  per  day. 

The  fluctuations  S{Af)  depend  on  the  following  reasons: 

—  Laser  frequency  stability  have  to  be  less  than  10”®.  Our  laser  has 
frequency  stability  not  more  than  10”®. 

—  The  total  thermal  cavity  length  variations  have  to  be  less  than  A/2,  it 
corresponds  to  the  temperature  variations  equal  to  «  0.005®  per  day. 

—  The  Sip  variations  are  caused  by 

•  the  polar  motion  («  10”^  per.  year), 

•  the  tides  in  the  Earth  crust  (»  10“^  per  day), 

•  random  causes  (  ?  ). 

—  The  random  mirror  jitter  have  to  be  not  more  than  A/2. 

The  accuracy  of  determination  of  8 ft  is  connected  with  the  accuracy  8f 
of  the  frequency  difference  /z  —  /i  measurements  [10]: 


sn  =  ^Sf, 


where  Sf 


is  equal  to  <5/  « 


V2Af, 


where  N^h  is  the  mean  photon  quantity  reaching  detector  with  efficiency  rj 
per  second,  r  is  integrating  time.  The  A/^  is  spectral  resonator  line  width. 
It  is  connected  with  cavity  quality  factor  Q  =  27rL/(aA)  by  the  equation 
A/s  =  /o/Q,  where  a  is  cavity  total  loss  coefficient. 

In  our  case  =  1-5  •  10^"^  photon/s  in  each  bean,  rj  =  0.7;  a  w  0.1 
(reflection  coefficient  «  0.96);  /o  =  4.8*10^'^  Hz,  we  will  obtain  Q  w  1.2-10® 
and  A/s  «  0.4  MHz.  The  theoretical  precision  limit  is 


^  «  5  •  10  when  r  =  1000 

&  L 


Sil  7 

—  a  5  •  10  when  t  = 

u  C 


seconds, 
1  day. 
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If  laser  output  is  50  mWt,  Nph  =  50  •  10^^  photon/s  in  each  bean,  77  =  0.7; 
a  «  0.04  (reflection  coefficient  «  0.99);  Q  «  3.1  •  10®  and  A/5  ^  0.15  MHz 
the  corresponding  theoretical  precision  limit  is 

5^  _7 

—  w  2  •  10  ,  when  r  =  1000  seconds, 


n 


2-10  when  t  =  1  day. 


It  means  that  our  detector  sensitivity  is  be  enough  to  register  the  tides 
in  the  Earth  crust. 

As  we  have  already  mentioned  above  the  other  limiting  factor  is  that  the 
centers  of  the  square  form  resonator  mirrors  can  determine  two  planes  with 
the  angle  6  (dififering  from  180°)  between  them.  This  angle  has  constant 
value  if  the  platform  is  absolutely  rigid.  It  is  shown  in  our  previous  work  [14] 
that  the  constant  value  of  this  angle  leads  to  the  constant  difference  A  of 
the  measured  Earth  rotation  frequency  from  the  real  one.  This  difference 
value  can  be  found  by  the  comparison  of  the  obtained  instrumental  data 
with  the  results  published  by  lERS.  We  have  the  difference  ±0.5  mm  in 
the  mirror  centers  position  in  height,  so  the  value  of  the  angle  J  is  ~  30". 
The  corresponding  diflFerence  A  «  3  •  10“®.  We  must  take  it  into  account  in 


our  experiments.  Random  thermal  deformations  cause  variations  of  angle 
6,  and  the  estimated  value  of  error  is  «  3  •  10“®. 


This  case  corresponds  to  the  mirror  10"  inclination,  and  it  leads  to 
tuning  the  resonator  from  TEMqo  mode  to  TEMqi,  as  we  have  observed 
in  the  experiment  (Fig.  6). 


Figure  6.  TEMo\  resonator  mode. 
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The  oscillografic  pictures  of  our  resonator  modes  are  represented  in 
Fig. 7,  random  perimeter  changes  are  shown  in  Fig.8-9.  During  10  s  time 
interval  the  perimeter  changes  up  to  0.1  A. 


Figure  7.  Oscillograme  of  resonator  mode. 
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Figure  8.  Thermal  perimeter  changes  on  10  s  time  interval. 


Figure  9.  High-frequency  perimeter  chzmges  (the  strike  of  the  gyro  fundament). 

The  square  resonator  form  causes  the  changes  of  light  polarization  from 
linear  to  elliptical.  The  relatively  ill-studied  anisotropy  in  birefringence  al¬ 
ways  presents.  Our  estimations  (for  linear  phase  birefringence  is  equal  to 
30  arc  minutes)  lead  to  relative  change  of  (jn/fi  «  -2  •  10~®. 

The  frequency  difference  A/'  after  the  full  round  trip  in  the  nonplanar 
circuit  is  given  by  the  equation 


A/'  =  7A/, 
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where  A/  =  /i  -  /2.  The  ratio  of  the  measured  Earth  rotation  frequency 
in  the  case  of  the  nonplanar  resonator  to  theoretically  estimated  one 
for  the  ideal  plane  resonator  fig  will  be: 

The  variable  part  of  the  angle  S{t)  exists  due  to  the  temperature  varia¬ 
tions  of  the  different  parts  of  our  ring  resonator:  the  platform,  the  vacuum 
tubes,  the  metallic  holding  constructions  etc.  There  exist  some  variable  val¬ 
ues  of  the  measured  0,71.  These  variations  are  determined  by  the  equation 


where 


6Qrn  =  sin2(5  •  A(J(t), 


(Jo  +  e*sin(— 
^1 


here  Sq  is  a  constant  angle,  e  is  amplitude  variations,  Pi  is  the  period 
of  changes,  ^  is  a  random  phase.  If  the  amplitude  e  is  less  than  60,  the 
rotational  rate  variation  will  be: 

w  -27re^ileCOs{^t  +  i))  sin25o, 

where  At  is  the  measurement  time  for  A/'. 

The  variations  of’ the  angle  (5(^)  exist  due  to  the  thermal  difference  be¬ 
tween  different  parts  of  the  platform.  The  effective  phase  rate  is  changing  in 
this  case.  The  phase  rate  changes  can  be  estimated  in  the  following  model. 
The  height  of  the  platform  will  change  due  to  the  temperature  gradient 
Sh  =  aATh.  Here  a  is  the  linear  expansion  coefficient  of  the  platform  ma¬ 
terial,  AT  is  the  temperature  gradient,  h  is  the  platform  height  over  the 
floor.  The  height  h  changes  in 

AT 

P 

with  the  temperature  changes  equal  to  P  C.  The  platform  inclination  is 
determined  by  the  equation 

.  5h 


This  inclination  causes  variations  of  the  optical  piath  in  the  both  resonator 


11 '‘".at, 2 


^opt  —  2.5  •  10  * 
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To  tune  the  resonator  from  TEMqq  mode  to  TEMqx  we  have  to  change 
the  optical  path  by  6Lt  [15]  where 

SLt  w  0.09(-)2i,. 
r 

The  radius  of  the  resonator  mirrors  is  r.  Using  this  estimations  we  can  have 


When  r  =  2  cm,  ft  =  1  m,  AT  =  1®  this  ratio  is  equal  to  0.04.  This  tem¬ 
perature  variation  causes  the  platform  angle  9  inclination  approximately 
equal  to  0.3".  Considering  the  last  equation  we  must  conclude  that  this 
temperature  variation  cannot  course  the  mode  changes  in  our  resonator. 
But  we  have  observed  the  transition  from  TEMqq  mode  to  TEMqi  mode 
with  the  temperature  changes  even  less  than  1®.  It  can  be  explained  only 
by  the  fact  that  rigid  metal  constructions  of  our  resonator  have  different 
deformations:  the  tube  bend,  the  corresponding  inclination  of  the  mirrors 
etc.  We  can  obtain  from  the  ratio 


SLoptISLt  =  0.04, 

the  value  of  the  angle  0  =  8".  This  tube  bend  will  cause  the  variations  of 
the  measured  Earth  rotation  rate  of  the  order  of  10“®  when  At  =  3  h.  The 
angle  9  changes  due  to  the  temperature  variations  with  the  period  equal 
to  one  day.  The  given  equations  show  that  changes  of  the  optical  path  are 
proportional  to  (AT)^.  The  temperature  variations  diminishing  in  10  times 
will  decrease  the  influence  of  the  tube  bend  in  100  times. 

The  generation  of  the  resonator  modes  of  high  orders  is  not  good.  We 
have  to  thermostabilize  the  experimental  system  with  the  accuracy  0.1°  to 
prevent  the  mode  transition  in  our  resonator  system. 

The  received  accuracy  estimations  showed  that  the  laser  frequency  vari¬ 
ations  can  be  regarded  in  finding  the  source  of  errors.  We  consider  mainly 
thermal  deviations  and  mirror  quality  to  limit  the  accuracy  of  our  detec¬ 
tor  as  we  can  exclude  any  mechanical  (microseismic)  jitter  of  the  optical 
elements. 

We  have  measured  seismic  jitter  of  the  gyro  base  for  three  days  [13]. 
We  used  piezoceramic  acceleration  detector  and  induction  seismodetector. 
Both  measurements  gave  the  same  spectra.  The  variations  are  weak  and 
we  can  consider  the  base  horizontal  jitter  is  absent.  The  vertical  base  jitter 
acceleration  spectrum  for  the  frequency  range  0  -r  50  Hz  was  analyzed. 
The  vertical  shift  is  equal  to  5.6  •  10”^m  =  5600A  at  3  Hz  frequency.  The 
platform  and  our  device  are  oscillating  as  a  whole  body  with  this  frequency. 
It  means  that  seismic  jitter  does  not  influence  the  gyro  work. 


474 


To  find  the  real  variation  of  the  Earth’s  rotation  rate  we  must  determine 
the  temperature  of  the  base  continuously.  It  will  give  us  the  opportunity 
to  exclude  this  temperature  variations  of  A/  from  consideration.  To  de¬ 
termine  the  temperature  distribution  in  the  base  mass  we  used  traditional 
bridge  circuit  with  thermoresistances.  The  experiment  was  performed  from 
6.30  a.m.  to  6.00  p.m.  Unfortunately  we  found  that  one  of  the  base  cor¬ 
ners  was  cooling  quicker  than  another  one  approximately  by  0.002° /h.  This 
temperature  difierence  courses  the  optical  length  variations  51 /I  «  10“®. 


4.  Conclusions 

The  accuracy  of  the  resonator  length  control  is  about  30  A  in  our  case.  We 
have  performed  the  temperature  monitoring  of  the  system  for  12  hours  and 
found  that  the  temperature  variations  equal  to  0.5°C  lead  to  the  changes  in 
mode  structure  from  TEMoo  to  TEMqi  \  For  further  experiments  we  have  to 
thermostabilize  the  resonator  body  with  accuracy  0.05°C.  Due  to  the  tem¬ 
perature  changes  our  four  mirror  resonator  becomes  nonplanar  and  it  leads 
to  the  additional  quality  factor  changes.  The  chosen  geometrical  resonator 
form  changes  the  lineax  polarization  of  the  input  light  to  elliptical  one.  It 
also  changes  the  quality  factor  and  the  accuracy  of  our  measurements.  In 
this  work  we  estimate  the  quality  factor  changes  using  the  possible  temper¬ 
ature  variations. 

For  the  achievement  of  the  theoretically  estimated  accuracy  of  our  in¬ 
strument  (10“®  per  one  hour  integration)  we  need  to  thermostabilize  the 
resonator,  change  the  resonator  mirrors  by  the  mirrors  with  reflection  index 
0.99,  change  our  laser  by  more  powerful  with  output  power  not  less  than 
50  mW. 
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Abstract 

For  xenon  at  the  density  of  0. 3-lg/cm^  measurements  have 
been  made  of  the  critical  energy  of  thermal  effect  on  the 
phase  conjugation  at  SBS,  the  SBS  gain  coefficient,  and  the 
phonon  lifetime.  It  has  been  shown  that  xenon  is  very  well 
suited  for  the  use  in  powerful  gas  lasers  as  an  active  SBS 
medium  and  is  one  of  the  best  media  for  other  lasers . 

Presently,  to  study  the  physical  processes  of  the  matter 
behavior  in  quasi  stationary  superhigh  intensity  fields, 
the  high-power  nanosecond  range  laser  facilities  are 
created  capable  of  focusing  radiation  to  a  wavelength  size 
spot  [1] .  One  of  the  difficulties  faced  in  laser  facilities 
of  this  class  is  compensation  of  optical  elements 
aberrations  and  inhomogeneities  of  an  active  medium.  To 
compensate  for  aberrations  of  the  optical  elements  in  such 
laser  facilities  and  optical  inhomogeneities  of  an  active 
medium,  one  uses  phase  conjugation  (PC)  by  stimulated 
Brillouin  scattering  (SBS) .  However,  conversion  of  high- 
power  laser  beams  in  the  SBS  medium  can  be  accompanied  by 
competing  processes  such  as  SRS,  optical  breakdown, 
striction,  and  thermal  perturbation.  The  present  work  gives 
the  results  of  measuring  the  critical  energy  of  thermal 
perturbation,  SBS  gain  growth,  and  phonon  lifetime  in 
compressed  xenon  at  densities  of  0.3-1  g/cm^  [2,  3]. 

1.  Thermal  and  Striction  Perturbation  of  the  SBS-medium 

When  a  Gaussian  beam  is  focused,  depending  on  the  pump 
conditions  a  lens  is  formed  in  the  SBS  medium,  and  the 
phase  change  in  the  pump  radiation  along  the  focused  beam 
waist  is: 


»  27t 

^  =  -72 


2  f 


3  pa 
2TC 


P  0 


jp^dt 

(1) 
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where  X  is  the  radiation  wavelength, 


n. 


iiii' 


is  the 


refractive  index  non-linearity  coefficient  due  to 
electrostriction,  P  (cmVg)  and  n  are  the  specific 
refraction  and  the  refractive  index  of  the  medium,  p 
(g/cm^)  is  the  medium  density,  c  and  v  are  the  light  and 
sound  speed  in  the  medium,  Cp  (J/g-deg)  is  the  specific  heat 
capacity  at  constant  pressure,  P^.  (W)  is  the  pump  radiation 
power;  is  the  pump  pulse  length;  T  is  the  temperature, 
and  a  (cm’^)  being  the  laser  radiation  absorption 
coefficient  in  the  SBS  medium. 

The  first  term  of  relation  (1)  describes  the  phase 
change  connected  with  electrostriction  appearing  as  a 
result  of  self-action  of  the  pump  radiation,  which  depends 
on  the  radiation  power  (intensity)  in  the  SBS  cell.  Note 
that  the  SBS  itself  appears  due  to  electrostriction 
evolution  in  the  medium.  Effect  of  this  time -dependent 
component  was  observed  for  the  first  time  in  works  [4,  5] . 
The  second  term  is  responsible  for  the  phase  change 
occurring  with  appearance  of  the  thermal  component  in  the 
SBS  medium,  which  is’  determined  by  the  pump  energy  absorbed 
in  it.  In  this  case  a  thermal  lens  is  formed  in  the  medium, 
which  causes  defocus ing  of  the  pump  beam.  At  Sq)  >  2n  the 
beam  refraction  distortions  are  becoming  equal  to  those 
caused  by  diffraction,  and  as  it  follows  from  the 
experiment,  the  SBS  efficiency  falls  down,  which  exhibits 
itself  in  a  decrease  of  the  reflection  coefficient  [5,  6, 
7]  and  in  a  decrease  of  the  phase  conjugation  fidelity  [4, 
5,  6].  For  operation  of  the  SBS  mirror  without  a  decrease 
in  the  phase  conjugation  fidelity,  the  pump  radiation  phase 
change  should  be  5<p  <  271.  Then  the  power  and  energy  of  the 
laser  pulse  exciting  SBS  should  be  less  than  some  critical 
values : 


(2) 


CpP 

~  2n  dn 
— a 
dT 


(3) 


where  is  the  critical  power  determined  by 
electrostriction;  is  the  thermal  perturbation  critical 
energy  [6] . 

Depending  on  the  medium  absorption  coefficient  (and 
pump  conditions)  the  phase  conjugation  fidelity  can  be 
degraded  by  either  of  the  factors .  At  small  a 
electrostriction  phenomena  will  dominate,  at  large  a  the 
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thermal  phenomena  will  be  dominating.  The  critical  energy 
of  thermal  perturbation  is  determined  by  the  absorption 
coefficient  a  and  depends  mainly  on  purity  of  the  applied 
SBS  medium  However,  even  for  an  absolutely  transparent 
medium  (a  =  0)  there  exists  some  limiting  value  of  the 
critical  energy.  It  is  connected  with  the  decay  of 
hypersonic  grating  in  the  medium,  i.  e.,  with  the  presence 
of  internal  friction  in  it  and  is  proportional  to  the 
Stokes  frequency  shift  and  sound  speed  in  gas .  For  the  gas 
lasers  with  a  narrow  gain  line  the  Stokes  shift  should  be 
small,  and  this  requirement  is  met  by  xenon  in  the  best 
way,  from  all  monoatomic  gases  it  has  the  lowest  sound 
speed. 

The  thermal  lens  formation  and  the  absorption 
coefficient  in  compressed  xenon  were  ^ investigated 
experimentally  upon  SBS  excitation  by  radiation  of  a 
single-mode  iodine  laser  (X  =  1.315  urn,  pulse  duration  of 
3-100  jis).  The  medium  was  probed  by  a  beam  of  a  He-Ne  laser 
according  to  scheme  [8]  given  in  Fig.l.  When  a  thermal  lens 
is  formed  in  the  medium,  the  probe  beam  broadens  in  the 
plane  of  screen  5  and  reaches  photodetector  6.  This  signal 
is  recorded  by  the  oscillograph  together  with  a  SBS  pump 
signal  of  the  iodine  laser.  Typical  oscillograms  of  the 
pump  pulse  and  the  probe  laser  signal  are  given  in  Fig. 2. 
The  oscillogram  in  Fig. 2a  shows  behavior  of  the  signal  from 
the  photodetector  of  the  probe  beam  in  the  presence  of  an. 
only  thermal  ("  slow"  )  component  in  the  medium.  Fig.  2b 
illustrates  joint  modulation  of  the  medium  refractive  index 
by  striction  ("  fast"  )  and  thermal  ("  slow"  )  components. 


mm 

B 

X=1315  im 


Fig.  1.  Optical  inhomogeneities  investigation  in  the  SBS 
medium  (1,  4)  lenses;  (2)  mirror;  (3)  cell  with  the  SBS  medium 
under  study;  (5)  screen;  (6)  photodetector. 


Experiments  show  that  the  pressure  wave  (and,  hence, 
the  wave  of  the  changing  refractive  index)  caused  by 
striction  propagates  in  the  SBS  medium  with  the  sound 
speed,  reflects  off  the  walls  of  the  cell  and  again  (with  a 
delay  relative  to  the  pump  pulse)  perturbs  the  medium  in 
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the  probing  zone.  At  lower  pump  powers  traveling  waves  of 
inhomogeneities  are  not  excited  and  a  "  slow"  thermal  lens 
with  millisecond  relaxation  times  is  formed  (Fig. 2a).  Using 
our  experimental  results  and  with  account  of  our  technology 
of  SBS  medium  preparation,  there  have  been  obtained  the 
following  values  of  the  absorption  coefficient  and  critical 
parameters,  for  46  atm  Xe  (density  of  0.38  g/cm)  and  X  = 
1.315  pm:  a^5-10*’  cm’",  P„  =  3.2-10®  W,  W„  =  5  J. 

a  b 


Fig.  2.  Typical  pulse  oscillograms:  probe  radiation  (upper  beams) 
and  SBS  medium 

pumping  (lower  beams).  The  smallest  time  mark  corresponds  to  4 
^ls. 

The  ^  highest  laser  pulse  duration  at  which  SBS 

excitation  in  a  steady- state  mode  occurs  in  the  absence  of 
thermal  perturbation  is:  T,,  <  «  g-W„/5>.  [2,  9],  where 

Pthr  “  ,  5Vg  is  the  threshold  power  for  a  single -mode 
radiation,  g  is  the  SBS  gain  coefficient  (cm/W)  .  For  g  = 

120  cm/GW  (see  below  )  reaches  the  value  of  x^^  «  1-10’"  s. 

In  this  ^  case  during  a  laser  pulse  the°''  striction 

perturbation  does  not  affect  the  phase  conjugation 
fidelity,  and  thermal  perturbation  begins  to  degrade  it 
only  in  the  end  of  the  pulse. 

2.  Investigation  of  the  SBS  Gain  Coefficient  and  Phonon 
Lifetime  [3] 

Theoretical  investigations  predict  an  increase  of  the  SBS 
gain  coefficient  in  xenon  with  the  increase  of  the  gas 
density  g  ©c  [10]  .  Far  from  the  critical  point  (T^^  = 
289. 7°K,  P^^  =  57.6  atm,  =  1.11  g/cm")  the  experimental 
results  agree  fairly  well  with  this  dependence,  for 
example,  g  =  1.4  cm/GW  at  P  =  10  atm  (p  =  0.058  g/cm") 
[11],  g  =  44  cm/GW  at  P  -  39  atm  (p  =  0.30  g/cm")  [12], 
However,  an  attempt  to  obtain  a  high  gain  growth  in  xenon 
at  a  pressure  of  220-240  atm  [13]  did  not  give  results 
expected  by  the  authors  of  this  work.  In  work  [14],  as  the 


483 


critical  point  of  Xe  at  p  >  0 . 7  g/cm  was  approached, 

appearance  of  optical  inhomogeneities  was  registered,  which 
raised  the  SBS  threshold.  Below  we  give  results  obtained 
from  SBS  investigation  in  Xe  at  densities  from  0.3  g/cm  to 
1  g/cm^  in  a  thermostatically  controlled  cell  under 
conditions  when  the  influence  of  optical  inhomogeneities  on 
the  SBS  threshold  was  small. 

Scheme  of  experiments  of  SBS  threshold  power  (Pth^) 
measurements  in  a  steady- state  excitation  regime  is  shown 
in  Fig.  3.  Single-mode  iodine  laser  radiation  was  used  for 
SBS  excitation  with  the  following  Laser  radiation 
parameters:  wavelength  X  =  1.315  pm,  energy  E  «  10  J,  pulse 
duration  ^  100  ps,  radiation  divergence  «  10'*  rad, 

laser  beam  diameter  D  »  7  cm.  Parameters  of  the  pumping. 


reflected  and  passed  through  the  SBS  cell  radiation  were 
registered  by  calibrated  photodiodes  with  the  time 
resolution  of  50  ns.  The  pumping  power  was  measured  in  the 
far  field  of  a  positive  lens  by  photo  diodes  with  different 
apertures,  it  allowed  to  measure  the  pumping  power  in 
different  angles  :  1-10'\  5-10’®  rad  and  to  control 

the  pump  radiation  divergence. 

The  laser  radiation  was  focused  into  the  SBS  cell  with  a 
length  of  25  cm  and  diameter  of  1.5  cm  by  means  of  a  lens 
with  the  focal  length  F  =  138  cm.  A  special  attention  was 
given  to  Xe  purity.  To  exclude  influence  of  impurities, 
only  metal  (indium)  linings  were  used  in  the  cell 
construction,  and  it  was  filled  through  special  filters. 
The  purification  efficiency  from  aerosol  particles  with  a 
diameter  more  than  0.01  pm  was  above  99.9999  %.  The 
thermostat  maintained  the  cell  temperature  at  a  value  of 
t  =  19.3  “c,  the  temperature  drift  did  not  exceed  0.03  ®C 
per  hour.  The  Xe  pressure  in  the  cell  was  measured  with  a 
relative  error  of  7  %,  the  density  of  5A  was  determined  by 
cell  weighing.  The  optical  quality  of  SBS  medium  was 
supervised  with  the  help  of  a  He-Ne  laser  which  parameters 
were  selected  in  such  a  manner  that  its  beam  simulated  the 
pump  beam  in  the  cell.  The  intensity  distribution  in  the 
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focal  plane  inside  the  cell  with  Xe  Ii((p)  was  compared  with 
the  distribution  obtained  in  the  absence  of  the  cell  . 
Measurements  of  the  intensity  distribution  were  carried  out 
in  the  focal  plane  with  the  help  of  diaphragm  scanning 
across  the  horizontal  cross  section.  The  He-Ne  radiation 
power  passed  through  the  diaphragm  was  registered  by  a 
photodiode  and  measured  by  a  digital  voltmeter.  Comparison 
of  both  distributions  (Ii(<p)  and  I^Ccp))  allowed  us  to 
estimate  quantitatively  the  deformation  of  a  diffraction 
limited  beam  during  its  passage  through  the  SBS-cell.  For 
all  investigated  points  these  distributions  coincided  with 
on  accuracy  of  «5  %,  and  only  at  p  =  1.02  g/ciR  the 
intensity  in  the  maximum  fell  down  from  =  1  in  the 
absence  of  the  cell  to  ==  0.62  with  it.  This  was  taken 
into  account  in  the  calculation . 


Fig.  4.  Typical  pumping  pulse  shape.  Horizontal  scale  - 
20  ps/div. 

Under  the  influence  of  Stokes  radiation,  as  SBS 
excitation  occurred,  the  mode  of  iodine  laser  generation 
changed  and  became  pulse-periodic  (see  Fig.  4).  Only  the 
first  pulse  with  the  leading  front  duration  of  about  20  jis, 
where  steady-state  excitation  conditions  were  satisfied  and 
pump  energy  did  not  exceed  the  critical  energy  of  thermal 
defocus ing  was  used  to  determine  the  The  value  of 

pumping  power  P^,  providing  the  SBS  reflection  coefficient 
Rg  =  1%  was  taken  as  P^^^: 


rmax 

P^<R  =  l%)  =  PL<0  =  5.1O-^rad).-^. 

The  basic  results  of  experiments  are  shown  in  Table  1, 
where  averaged  over  several  experiments  P,.^^  values  are 
shown.  The  standard  deviation  obtained  in  each  series  of 
experiments  did  not  exceed  15  %.  For  the  gas  density  we 
give  experimentally  measured  values  labeled  by  an  asterisk 
and  values,  calculated  using  Pitser's  three -parameter 
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correlation  by  method  of  Li-Kesler  [15],  giving  the  best 
approximation  to  experiment. 


Table  1  The  basic  results  of  experiments. 


From  the  obtained  data  we  have  determined  the  SBS  gain 
coefficient  g^  using  as  a  reference  value  g^  =  44  cm/GW  for 
the  Xe  density  of  0 . 3  g/cm’  given  in  work  [12]: 

pO 

^thr 

Si  “  pi  So  > 

^thr 

where  P°'\hr  corresponding  threshold  powers . 

These  results  are  shown  in  Fig.  5.  The  results  of 
calculation  of  g  for  p  <  0.5  g/cm'  using  the  available 
thermodynamic  parameters  for  Xe  [16]  are  also  shown  in 
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Fig.  5.  SBS  gain  coefficient  versus  Xe 
density. 

“  experiment,  —  theory. 


Fig.  5.  We  can  see  that  beginning  with  p  =  0.6  g/cici  the 
value  of  g  does  not  increase,  which  in  our  experiments 
could  be  only  due  to  a  decrease  in  the  phonon  lifetime.  The 
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phonon  lifetime  T.  has  been  determined  using  values  in 
accordance  with  the  equality  : 


2  dn  2 

16;rV(^) 

A^cv 


where  n  is  the  refractive  index,  c  is  the  light  velocity, 
V  -  is  the  hypersound  velocity. 

The  results  of  calculation  of  are  shown  in  Fig.  6.  The 
value  of  Xpij  =  21.2  ns,  calculated  with  the  use  of  data  of 
hypersound  absorption  at  p  =  1.11  g/cm'  and  t  =  19.4  °C 
[17],  is  shown  in  Fig.  6  as  well.  A  good  agreement  is 
observed  between  our  results  and  those  obtained  in  work 
[17]. 
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Fig.  6.  Phonon  lifetime  versus  Xe 
density. 

-  experiment,  —  -  fitting  curve, 

•  -  calculated  from  data  of  work  [17] 


The  criterion  for  SBS  medium  selection  which  is  more 
resistant  to  the  evolution  of  undesired  thermal 
perturbation  is  that  the  critical  energy  should  exceed 
the  threshold  energy  f  which  is  proportional  to 

The  more  is  the  value  of  the  more  resistant 

is  the  SBS  medium  to  formation  of  a  thermal  lens  and  the 
longer  laser  pulses  it  can  convert.  Fig.  7  shows 
experimental  dependence  of  for  xenon  in  relative 


units.  Under  our  conditions  this  value  is  the  highest  in 
the  density  range  of  0.5 -0.8  g/cm\ 
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Fig.  7.  g’W^y^  versus  xenon  density 

According  to  the  suggested  criterion  high-purity 
xenon  is  best  suited  as  an  active  SBS  medium  in  high-power 
gas  lasers  and  is  one  of  the  best  media  for  other  lasers. 
(See  , Table  2) . 


Table  2 


Medium 

Nd- 

glas 

s 

•  •  •  * 

1 

•  cet 

o-ne 

SF, 

22 

•  t 

CCl, 

SiCl 

4 

TiCl 

4 

SnC 

1. 

.  •  gas 
0.6^ 
g/.m 
(X.-1.06 

_ ysLi _ 

1.2 

15.8 

35 

4 

10 

20 

14 

120 

EIHEBB 

20 

SIO'" 

11 

33 

28 

57 

4.7 
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7.41 
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lU 
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5.3 

Referen 
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our 

data 

Xenon,  being  a  monoatomic  gas,  is  not  subjected  to  the 
evolution  of  competing  SRS  in  it,  and  from  the 
technological  point  of  view  is  chemically  inert,  stable, 
and  ecologically  safe. 
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NEW  OPTICAL  SCHEME  OF  COMPLICATED  RESONATOR 
IN  A  TWO-FREQUENCY  NH3-CO2  LIDAR 
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1.  Introduction 

An  ammonia  laser  is  an  effective  source  of  the  powerful  IR  radiation  in  the  range 
from  745  to  928  cm  '.  Together  with  a  pumping  laser  ( TEA  CO2  laser  )  they  are 
a  very  perspective  laser  system  for  the  probing  of  atmosphere  by  a  method  of 
the  differential  absoiption  with  scattering  (DAS  method),  since  the  range  from  9 
to  13,5 //m  is  the  most  informative  at  identification  of  pollution  and  at  the 
control  of  their  level. 


2.  Optical  Scheme  NH3  -  CO2  Lidar 

In  [1]  a  special  optical  scheme  of  the  NH3  -  CO2  lidar  acting  on  the  DAS  method 
with  the  simultaneous  synchronous  ranging  of  atmosphere  by  two  wavelengths 
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in  tiie  diapason  from  9  to  13,5  //m  was  offered.  However  a  characteristic 
demerit  this  optical  scheme  is  the  non-uniform  spectral  distribution  of  the 
energy  generation  in  the  NH3  laser  (figure  1,  [2] ). 


E.  J 


Figure  1.  The  spectral  distribution  of  the  NH3  laser  energy 

It  is  visible,  that  the  ratio  of  the  energy  of  generation  of  the  strongest  lines  to  the 
energy  of  generation  of  the  most  weak  lines  reaches  the  magnitude  of  five. 

This  demerit  it  is  possible  partially  to  remove  using  the  saturation  effect 
in  the  NH3  amplifier.  The  laser  and  amplifier  beams  are  propagated  noncoaxially 
in  usual  scheme  NH3  laser  -  amplifier  [3],  hence  for  the  spatial  combination  the 
beams  it  is  necessary  the  additional  optical  elements.  In  the  present  message  the 
optical  scheme  of  a  two-frequency  NH3  -  CO2  lidar  with  coaxial  propagation  of 
a  probing  beams  is  offered,  which  has  the  smooth 
distribution  of  energy  in  a  spectrum  of  the  generation  of  NH3  laser. 

Figure  2  shows  the  optical  scheme  giving  the  opportunity  to  realize  the 
coaxial  two-firequency  lidar  with  NH3  laser  acting  as  generator-amplifier 
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without  of  the  use  of  the  additional  optical  elements. 


Figure  2,  The  optical  scheme  of  the  two  -  frequency  NH3  -  CO2  lidar 
Gi  -  grating  75  mmT ,  G2  -  grating  1 50  mm'^ ,  G3  -  grating  100  mm'^ ,  Mi,  M2  -  mirrors 


The  CO2  laser  resonator  is  formed  by  the  grating  G2  (150  mm\  the 
blazing  angle  is  41®)  and  two  semitransparent  mirrors  Mi  and  M2  connected 
via  grating  Gi  (75  mm'^  the  blazing  angle  is  ~0®).  The  pumping  radiation 
reflecting  from  the  grating  Gi  in  the  first  and  minus  first  orders  is  dividing  on 
the  two  about  identical  beams  and  then  its  is  directed  in  two  ammonia  cells,  one 
is  used  as  generator  and  the  another  is  used  as  amplifier.  The  resonator  of  the 
NH3  generator  is  formed  by  the  mirror  M2  and  the  grating  G3  (100  mm'^  the 
blazing  angle  is  30®)  acting  at  the  first  order  autocollimation  of  the  ammonia 
radiation.  The  tuning  of  the  ammonia  laser  radiation  (from  1 1  to  13,5  //  m  )  is 
made  by  turn  of  the  grating  G3.  The  ammonia  laser  radiation  reflected  in  the  zero 
order  is  directed  to  the  NH3  amplifier.  The  output  ammonia  radiation  will  be 
coaxial  with  the  pumping  radiation.  Since  the  NH3  laser  levels  are  lied  very  low 
(energy  of  the  lower  laser  levels  is  approximately  equal  kT)  it  is  needed  the 
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saturation  active  medium  by  the  pumping  radiation,  at  that  the  part  pumping 
energy  passed  through  the  NH3  cell  and  may  be  to  used  as  the 
reper  s  beam  of  the  NH3  -  CO2  lidar.  The  spectral  distribution  of  the  NH3 
laser  energy  is  smoothing  at  condition  of  the  NH3  amplifier  saturation. 

Really,  from  [3]  follows,  that  the  intensity  of  saturation  L  of  the  active 
medium  of  the  ammonia  amplifier  is  equal  70-90  kW  /  cm^.  The  energy  radiation 
density  of  a  pumping  reaches  of  the  magnitude  equel  of  0,5  J  /  cm^  in  our  optical 
scheme,  that  it  is  close  to  the  magnitude  of  the  energy  radiation  density  of  a 
pumping  indicated  in  work  [3].  Hence  the  factor  of  linear  amplification  will  be 
also  close  to  0,05  cm‘^  at  the  same  quantities  of  a  partial  pressure  mixture  of 
ammonia  and  nitrogen.  In  this  case  a  weak  lines  of  generation  (  the  lines 
possessing  the  energy  of  generation  bellow  of  the  500  mJ  level  in  a  figure  1) 
have  the  input  amplifier  intensity  less  Is,  and  strongest  lines  have  the  input 
amplifier  intensity  more  Is.  Accounts  show,  that  on  a  output  of  such  amplifier  the 
weak  lines  are  increased  in  4-5  times,  and  strong  lines  are  increased  only  in  2 
times,  that  results  in  essential  smoothing  of  a  generation  spectrum  of  an  ammonia 
laser.  Thus  the  ratio  of  energy  generation  strong  lines  to  weak  lines  in  our  case 
does  not  exceed  twice. 


3.  Potentialities  of  NH3  -CO2  Lidar 

In  the  conclusion  we  shall  purpose  the  list  of  the  possible  pollution  of 
atmosphere  detected  by  means  of  two  -  frequency  NH3  -  CO2  lidar.  Table  1 
demonstrates  potentialities  of  such  lidar. 

For  example  it  is  necessary  to  tune  the  NH3  laser  on  frequency  of  generation 
equal  of  796  cm"^  (transition  aP  (7,3))  for  detecting  of  the  CCI4  molecules  . 
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TABLE  1.  The  list  of  the  possible  pollution  of  atmosphere  detected  by  NH3-CO2  lidar 


Molecule 

Mode 

Frequency  of 
vibrations,  cm'* 

Laser  transition 

Frequency  of 

generation,  cm*^ 

CH3I 

881,1 

CHjBr 

V7 

CHF2CI 

V4 

812 

812,0 

CHCb 

Vs 

774 

774,0 

CF4 

1076 

ElSQSKESHHi 

1076 

CF3CI 

781 

CF2CI2 

CF2ClBr 

872 

872,6 

CF2Br2 

Vs 

831 

CF2NC1 

Vi 

111 

CFCI3 

Vi 

847 

sP(6,k)  NH3 

847,4 

CFChBr 

V2 

796 

njOtJUBiiaHl 

796,0 

ecu 

Vs 

796 

796,0 

CUCNCl 

Vs 

746 

aP(  9,8 )  NH3 

745,3 

N02 

Vi 

756,8 

? 

S02 

Vs-  V2 

854,07? 

853,6 

N203 

Va 

773 

774,0 

N205 

Vis 

860 

?  NH3 

? 

H2S04 

Va 

834 

aP(5,2)  NH3 

CS2 

V1+V2 

1070,97? 

?  CO2 

? 

S03 

Vi 

1068 

? 

CClsBr 

Va 

775 

CClBr3 

Vi 

745 

aP(9,8)  NH3 

745,3 

1 

1 

taken  from  th 

e  reference  book  Krasnov  K.S.  (1979)  Molecular  constant  01  me 

inorganic  compounds.  Chemistry  Publishers,  Leningrad. 


4.  Conclusions 

Thus  the  simple  convenient  scheme  of  a  coaxial  two  -  frequency  NH3  - 
CO2  lidar  for  probing  of  atmosphere  by  the  DAS  method  with  output  energy  of 
generation  at  a  level  of  1  J  is  offered. 
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